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The  most  definitive  results  were  obtained  from  flight  tests  conducted  in  October  J 
1980  and  February  1981.  Important  results  included:  (a)  data-link  range  varied 
from  44  nm  to  198  nm,  (b)  random  component  of  navigation  error  was  0.25  nm,  2-D  RMS, 
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with  a  two-minute  time  constant.  Recommendations  are  made  for  improving  system 
performance. 
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I.  INTRODUCTION 


1.1  GENERAL 

This  is  a  final  report  on  Task  V  of  FAA  Contract  DOT 
FA75WA-3662,  Differential  Omega  System  Development  ana 
Evaluation.  The  Task  V  effort  began  27  August  1977  ana  was 
completed  on  15  August  1981.  The  overall  plan  for  this  project 
contemplated  a  cooperative  approach  involving  System  Control, 

Inc.  (.SC1J,  the  FAA  Alaska  region,  the  Canadian  Ministry  of 
Transport  [Transport  Canada]  ana  Tracor,  Inc.  [lracor],  wnere 
Tracor  was  involved  via  subcontract  to  SCI. 

1.2  OBJECTIVES 

The  overall  objective  of  this  project  has  always  been  to 
demonstrate  Differential  Omega  as  a  possible  alternative  to 
VOR/DME  within  an  operational  environment  that  includes  enroute 
and  terminal  area  operations.  The  area  of  North  Alaska  ana 
Northwest  Canada  was  selected  as  the  location  for  the 
demonstration.  Basic  Omega  coverage  over  this  area  is  excellent, 
but  there  is  a  sparsity  of  more  precise  navigational  aids. 

To  achieve  the  project  objective,  early  planning  callea  for 
three  ground  stations  to  be  implementeu  ana  up  to  six  airborne 
units  were  to  be  employed.  The  ground  stations  were  pianneu  at 
the  following  sites: 

•  Fairbanks,  Alaska 

•  Deadhorse,  Alaska 

•  Inuvik,  Canada 
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At  each  ground  station,  the  existing  aeronautical  beacon 
transmitter  was  to  be  modified  to  transmit  the  Differential  Omega 
data.  The  direction  finding  capabilities  of  the  beacons  were  not 
to  be  affected.  The  aircraft  equipped  with  the  airborne  units 
were  to  conduct  normal  operational  flights  within  the  coverage 
area  for  up  to  one  year.  Data  were  to  be  acquired  both 
automatically  and  manually. 

The  data  of  interest  were  to  be  such  as  needed  to  assess  the 
effective  range  and  accuracy  of  Differential  Omega.  In  addition, 
operational  type  data  were  to  be  acquired  to  the  extent  possible. 

It  was  intended  originally  that  the  results  of  this  field 
test  demonstration  were  to  lead  to  a  complete  description  of  a 
Differential  Omega  system  description  including: 

•  Ground  Stations 

•  Avionics  Equipment 

•  Data  Formats 

•  Interfaces 

•  Operating  Modes 

and  a  statement  of  the  performance  achieved  in  an  operational 
env 1 ronment . 

During  the  course  of  Task  V  some  of  the  intermediate 
objectives  changed,  although  the  ultimate  objective  remained 
unchanged.  Some  of  the  more  important  modifications  in  the 
project  have  been  as  follows: 

•  Ground  stations  have  been  established  at 

Anchorage,  Alaska,  and  Deadhorse,  Alaska .  No 
ground  station  has  been  established  in  Northwest 
Canada  although  a  ground  station  has  been  set  up 
temporarily  in  a  Transport  Canada  laboratory  in 
Ottawa,  Ontario. 

«  Two  sets  of  Differential  Omega  avionics  have  been 
developed  to  operational  status  and  a  third  set 
has  been  partially  developed.  One  operational  set 
has  been  installed  and  routinely  flight  tested  in 
an  FAA  aircraft  in  Anchorage.  The  second 
operational  set  has  been  tested  by  Transport 
Canada  in  Ottawa. 


•  All  FAA- sponsor ea  flight  tests  unaer  this  project 
have  been  conducted  in  Alaska.  No  flight  tests 
have  taken  place  in  Northwest  Canada.  Some  mobile 
tests  of  the  second  operational  set  have  been 
conducted  via  test  van  near  Ottawa. 

•  During  the  October  1980  flight  tests,  Tracor 
conducted  an  experiment  designed  to  provide 
cancellation  of  prec ip i tat  ion- static  interference 
in  airborne  Omega  applications.  The  experiment 
was  performed  unaer  the  subcontract  from  SCI  to 
Tracor . 

•  The  project  was  completed  on  August  15,  1981. 

1.3  BACKGROUND 

Omega,  a  VLF  navigation  system  based  on  a  worldwide  network 
of  eight  transmitters  operated  at  10.2,  11.05,  11.553  ana  15.6 
kHz,  provides  global  coverage  for  users.  These  frequencies  are 
synthesized  from  a  common  source  and  are  maintained  in  the  exact 
ratio  1,  13/12,  10/9,  4/5.  Phase  coherence  ana  emission  timing 
are  tightly  controlled  in  the  transmitter  network.  Table  1.1 
lists  Umega  transmitter  letter  designations  ana  locations. 

A  user  wishing  to  navigate  measures  the  phase  difference 
between  signals  at  one  frequency  from  a  pair  of  transmitters  ana 
thus  establishes  a  line  of  position  1L0P).  Repeating  the  process 
with  two  more  pairs  of  transmitters  leads  to  a  unique  navigation 
fix.  Navigational  ambiguities  can  exist  with  Omega  since  any  one 
phase  difference  corresponding  to  a  pair  of  transmitters  defines 
a  family  of  hyperbolic  LOPs.  Along  a  baseline,  LuPs  occur  every 
half  wavelength.  The  region  between  adjacent  LOPs  is  known  as  a 
lane  and  Omega  accuracies  are  frequently  described  in  units  of 
centilanes  10.01  lane).  The  lane  ambiguity  problem  can  be 
alleviated  by  combining  instantaneous  measurements  from  two 
f requenc ies . 

Omega  is  a  VLF  system  and  it  is  therefore  subject  to  all  tne 
propagation  anomalies  normally  associated  with  VLF.  borne  of  the 
more  important  error  sources  associated  with  Omega  are;  laj 
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Table  1.1 

umega  Transmitting  Stations 


STATION  LETTER 
DESIGNATION 

LOCATION 

LATITUDE/LONGITUDE 

A 

Aldra,  Norway 

66°25*  N/13o08' E 

B 

Monrovia,  Liberia 

06°1S*  N/10°40' W 

C 

Haiku,  Hawaii 

21°24‘ N/157°50'W 

D 

LaMoure,  North  Dakota 

46°21' N/98°20'W 

E 

La  Reunion 

20°58' S/5  5°1 7 1 E 

F 

Golfo  Nuevo,  Argentina 

4  3  °0  3 ' S/6  5°1 1 1 W 

G 

Gippsland,  Australia  * 

38°29*  S/146°50’  E 

H 

Tsushima,  Japan 

34°37' N/129027’ E 

*The  Australia  station  is  expected  to  become  operational  in 
1931 . 
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diurnal  and  seasonal  ionospheric  variations,  Ibj  transient 
ionospheric  phenomena  such  as  Polar  Cap  Absorption  (.PCAJ  events 
and  Sudden  Ionospheric  Disturbances  ISIDsJ  that  give  rise  to 
propagation  a noma  lies,  (c)  moaal  interference,  ana  luj  noise. 

Diurnal  and  seasonal  ionospheric  variations  cause  phase 
shifts  on  the  order  of  SO-luO  centilanes  at  most  user  locations. 
These  variations  can  be  predicted  and  modeled  to  within  a 
reasonable  accuracy  and  are  provided  to  users  as  algorithms 
within  a  receiver's  navigation  processor. 

Sudden  phase  anomalies  are  associated  with  sIDs  caused  by 
solar  flare  x-rays.  These  are  daytime  events  and  typically  last 
about  fifty  minutes.  Solar  protons,  associated  with  large 
flares,  may  be  guided  into  the  polar  regions  ana  produce  PcA 
events.  These  events  may  affect  polar  region  propagation  for 
several  days. 

Modal  interference  describes  the  eftect  that  occurs  when 
more  than  one  waveguide  propagation  mode  is  excited  b>  a  raaiatea 
signal.  hhen  this  happens,  the  modes  received  by  a  user  combine 
constructively  and  destructively  and  cause  anomalous  signal 
variations.  Ihis  phenomenon  occurs  most  commonly  near  a 
transmitter  and  when  the  propagation  path  crosses  a  twilight 
region. 

Noise  at  VLF  is  mostly  of  atmospheric  origin,  although 
manmade  noise  can  dominate  in  certain  local  regions.  Noise 
effects  can  be  diminished  by  integrating  received  signals  over 
long  periods,  but  the  period  ot  integration  must  be  ccnsisent 
with  dynamic  requirements  of  the  user  and  expected  transients  in 
the  signals. 

Airborne  radio  reception  at  VLF  is  susceptible  to  noise 
caused  by  a  phenomenon  known  as  precipitation  static,  or 
P-static.  P-static  is  associated  with  precipitation  ot  ice 
particles  on  the  metal  skin  of  the  aircraft  that  results  in  a 
buildup  of  electrostatic  charge.  The  problem  occurs  primarily  in 
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systems  that  use  E-field  antennas,  ana  can  aegraae  Omega 
performance  significantly.  Section  5.2  discusses  a  special 
experiment  designed  to  study  this  problem. 

Cuoted  accuracy  for  Omega  under  nominal  conditions  is  1-2  N>1 
(1,3,4).  Nominal  conditions  include  the  use  of  propagation 
prediction  corrections  (.PPCsj  to  compensate  for  regular 
ionospheric  variations,  the  absence  of  SIDs  and  PCA  events,  the 
absence  of  modal  interference,  the  absence  of  excessive  noise, 
and  the  adequate  compensation  of  platform  dynamics.  Under  less 
favorable  conditions,  Omega  accuracy  degrades,  either  gradually 
or  in  the  form  of  lane  ambiguities.  Marine  users  on  the  high 
seas  may  find  1-2  NM  accuracy  acceptable  and  may  even  be  able  to 
tolerate  limited  perods  of  degraded  accuracy.  On  the  other  hand, 
marine  navigation  in  restricted  waterways  and  aircraft  navigation 
near  terminals  requires  a  higher  level  of  accuracy  and 
reliability. 

The  Differential  Omega  concept  arises  from  the  observation 
that  many  Omega  navigation  errors  associated  with  propagation 
effects  are  highly  correlated  in  time  ana  space.  For  example, 
consider  two  Omega  users  navigating  independently  a  short 
distance  apart.  The  absolute  error  of  each  user's  fix  may  be  2 
NM ,  but  the  relative  positional  error  will  be  pernaps  an  order  of 
magnitude  smaller.  If  a  real-time  data  link  could  be  established 
between  the  two  users  so  that  both  sets  of  phase  measurements 
could  be  correlated,  then  the  two  users  could  maintain  a 
positional  relationship  accurate  to  within  a  fraction  of  a  mile. 
This  concept  is  known  as  Relative  Omega.  If  we  now  consider  that 
one  user  remains  fixed  at  a  known,  surveyed  location  and  provides 
real-time  phase  measurement  data  to  the  second  user,  then  the 
second  user  can  obtain  absolute  navigational  accuracy  to  within  a 
fraction  of  a  mile.  This  concept  is  known  as  Differential  Omega, 
the  fixed  user  is  called  the  monitor  and  the  moving  user  is 
called  the  navigator. 
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The  ability  of  Differential  Omega  to  eliminate  correlated 
errors  points  to  a  significant  practical  benefit,  namely  that  the 
navigator  need  not  provide  or  compute  PPCs  since  such  corrections 
are  intrinsic  to  the  differential  corrections  receiveu  over  the 
data  link. 

Differential  Omega,  as  a  concept,  has  been  recogniteu  for  at 
least  14  years  [1-3].  Experimental  verification  of  the  concept 
has  been  somewhat  limited  [4-5].  bwanson  ana  Dave>  [5]  have 
described  the  results  of  a  marine  Differential  Omega  experiment 
conducted  in  the  coastal  waters  off  Galveston,  Texas.  figure  * . 1 
illustrates  results  of  navigational  accuracy  as  a  function  of 
range  from  the  monitor  obtained  by  Swanson  ana  uavey.  These 
results  indicate  an  accuracy  of  0.2  NM  at  close  ranges  ana  a 
gradual  degradation  in  accuracy  with  increasing  range.  At  very 
long  ranges,  the  error  obtained  with  Differential  Omega  may 
exceed  the  error  obtained  with  ordinary  Omega.  The  radius  of  the 
applicable  region  is  limited  both  by  the  propagation  range  of  the 
data  link  and  the  tolerable  decorrelation  error. 


0  20  -»C  60  ao  ICO  120  140  160  180  200  220  240  260  280  200 

RANGE  PRO*  BEACON  N* 


Figure  1.1  Differential  Omega  Accuracy  vs.  Range  from  Monitor  f  5 1 
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Navigational  aids  for  aviation  users  include  a  broaa 
spectrum  of  systems,  that  range  from  a  simple  non-a i rect ional 
beacon  (NDB)  to  YOR  and  DME  (and  its  military  counterpart,  TACAM 
and  radar.  The  most  comprehensive  and  complex  systems  such  as 
radar  and  VOR/DME  are  expensive,  require  frequent  maintenance  and 
consume  a  high  level  of  electrical  power.  Less  compr enens i ve 
navigational  systems  such  as  NDBs  require  very  little  maintenance 
ana  power  ana  are  relatively  inexpensive.  Throughout  much  of 
Alaska  and  Northern  Canada,  many  remote  communities  aepena 
entirely  on  aviation  for  supplies  and  transportation  to  anu  from 
the  outside  world.  The  facilities  available  at  these  remote 
sites  frequently  consist  of  little  more  than  a  landing  strip 
large  enough  to  accomodate  a  small  aircraft.  Energy  is  always  a 
problem  at  such  sites  since  fuel  must  be  flown  in,  consequently, 
most  remote  airstrips  do  not  even  have  the  luxury  of  a  colocated 
NDB.  The  costs  of  providing  VOR/DME  at  every  remote  airstrip  in 
North  America  would  be  prohibitive.  Even  NDBs  with  their  lower 
costs  and  more  moaest  energy  requirements  ao  not  otfer  a 
completely  attractive  solution,  since  an  NDB  provides  directional 
information  only,  and  in  order  to  be  effective,  must  be  locatea 
at  the  site  being  sought  by  the  navigating  aircraft. 

The  Federal  Aviation  Administration  and  Transport  Canaaa 
have  been  seeking  a  solution  to  the  requirement  for  a  low-cost, 
accurate  navigation  system  that  will  meet  the  neeas  of  small 
aircraft  flying  in  and  out  of  remote  locations  in  the  northern 
part  of  the  continent. 

Differential  Omega  is  considered  to  be  a  potential  answer  to 
this  requirement.  Studies  1 6  J  have  shown  that  Differential  Omega 
in  the  Alaska/Y ukon  region  should  be  able  to  provide 
two-dimensional  navigation  accurate  to  within  a  fraction  of  a 
mile  over  a  region  within  a  hundred-mile  radius  from  a  monitor. 

It  has  been  suggested  that  it  is  practical  to  colocate  a 
Differential  Omega  monitor  ana  an  NDB  ana  to  use  the  NDB  as  a 
carrier  for  the  differential  correction  information.  This  means 


8 


that  bitterentiai  umega  monitors  coula  De  ueployeu  at  existing 
NUB  sites  at  relatively  low  cost  anu  at  very  littie  increase  m 
electrical  power  requirements.  It  also  means  that  Nbbs  useu  in 
conjunction  with  Differential  Umega  woulu  not  have  to  oe  iocateu 
at  every  airstrip,  but  coulu  support  navigation  over  a  region 
that  mignt  induce  several  airstrips. 

1.4  PROJECT  MILEbTONEb 


Some  ot  tne  important  milestones  that  nave  occurreu  during 
the  course  ot  Task  V  are  as  toiiows: 

•  May  1979.  une  set  of  bitterentiai  omega  avionics 
was  delivered  to  Transport  canaaa.  Monitor 
station  equipment  was  delivered  to  Ancnorage. 

•  October  lb  I'd .  An  avionics  package  was  lnstatieu 
in  the  FAA  aircraft  at  Anchorage  anu  was  test 
flown . 

•  January  1980.  bitterentiai  umega  navigation  was 
flight  tested  from  Anchorage.  Results  suggested 
successful  navigation  using  bitterentiai  omega  anu 
indicated  an  achieved  range  ot  4b  miles  on  tne 
data  link  from  the  monitor  station  to  the  aircratt. 

•  Ma r c n  198  0.  A  flight  test  was  conducted  during 
which  software  and  interface  problems  were 
encountered . 

•  June  1980.  A  uifterentiai  omega  tiight  test 
yielded  successful  reception  ot  tne  monitor  signal 
to  a  maximum  range  ot  y4  miles,  boftware  anu 
interface  proDlems  negated  any  navigation  results. 

•  October  1980.  Extensive  tiignt  tests  anu  ground 
tests  were  conducted.  Highlights  ot  tne  tests 
included  a  successtui  rirst  test  ot  navigation 
using  tne  beadhorse  Monitor,  tne  tirst  successtui 
use  of  digital  tape  tor  recording  the  data,  the 
acquisition  ot  extensive  monitor  data  and  tne 
achievement  ot  a  i98-miie  range  ot  operation  on 
tne  data  link.  Proolems  in  sottware  and 
instrumentation  limited  tne  accuracy  performance 
of  the  system,  however. 
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February  1981.  Flight  tests  demonstrateu 
navigational  accuracies  of  0.1  mile  to  1.0  mile 
using  Differential  Omega. 

April  15,  1981.  An  invited  paper  on  Differential 
Omega  was  presented  at  the  Ionospheric  Effects 
Symposium  in  Alexanoria,  Virginia. 

August  1,1981.  lask  V  is  completed  and  a  final 
report  is  submitted . 


I l .  TECHNICAL  APPROACH 


2.1  PROJECT  MANAGE  ME  N  T 


This  project,  the  development  and  evaluation  ot"  a 
Differential  Omega  system,  was  conceived  to  be  a  joint  effort 
between  Transport  Canada  and  the  EAA.  SCI  was  placed  under 
contract  to  the  FAA  t OUT- FA7 5 - WA -366 2  )  to  represent  the  EAA  in 
the  technical  performance  of  the  project.  bCl,  in  turn,  placed 
Tracor  under  contract  to  perform  specific  tasks  in  support  of  the 
project. 

The  allocation  of  tasks  under  this  project  and  the  main 
participants  are  as  follows: 

•  Transport  Canada  developed  the  monitor  station 
subsystem,  including  the  required  software,  and 
also  provided  on-site  support  for  installation  and 
operational  testing  of  the  monitor  station. 

•  Tracor  provided  three  Model  7620  Omega  receivers 
that  were  modified  appropriately  tor  Ditferential 
Omega  operation,  where  the  required  modifications 
involved  both  hardware  and  software.  Tracor  also 
provided  flight  test  support  in  Alaska. 

•  SCI  provided  overall  system  design,  System 
Integrator  development,  flight  test  direction, 
data  analysis  and  project  management. 
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2.2  SYSTEM  CONFIGURATION 


The  project  described  herein  has  been  primarily  operational 
rather  than  research  oriented.  The  location  of  the  Flight  tests 
in  Alaska  has  the  interesting  characteristic  that  the  azimuth 
directions  of  s igna Is  from  stations  A,  C,  D ,  and  H  intersect  at 
nearly  right  angles,  as  illustrated  by  Figure  2.1. 

The  experimental  concept  called  tor  the  use  of  operationa. 
NDB  signals  as  carriers  for  differential  correction  uata.  NDb '  s 
represent  a  convenient  means,  but  not  the  only  means,  for 
providing  c  :ata  link  for  Differential  Omega,  other  possibilities 
are  VOR ,  special  HF  transmitters,  etc.  NDBs  in  Alaska  have  a 
primary  mission  of  direction  finding  (DFJ  ana  a  secondary  mission 
of  providing  weather  broadcast.  The  weather  information  is 
contained  in  an  audio  (voice)  signal  that  is  amplitude-modulated 
onto  the  beacon  carrier.  The  NDBs  that  were  used  in  this 
experiment  were  modified  so  that,  when  used  for  Differential 
Omega  telemetry,  the  voice  signal  was  replaced  with  a  1-kHz  sue 
tone,  and  the  side  tone  was  bi-phase  modulated  with  digital  error 
signals  derived  from  the  Omega  receivers.  The  use  of 
Differential  omega  thus  precluded  the  availability  ot  weather 
information  from  these  NDBs  and  was  viewed  as  a  minor 
inconvenience.  The  NDB  identification  code  was  maintained  during 
Differential  Omega  operation.  A  ground  rule  for  the  Differential 
Omega  experiment  was  that  the  use  of  the  NDBs  for  telemetry  was 
not  to  degrade  the  quality  of  the  DF  signals  so  as  to  compromise 
the  primary  mission  of  the  NDBs.  Ac  all  times  during  tins 
experiment,  NDBs  were  operated  in  compliance  with  ICAO 
requi rements  [ 1  ]  . 

Figure  2.2  illustrates  the  experimental  configuration.  The 
avionics  were  mounted  on  a  special  pallet  in  an  FAA  Convair  58U 


Figure  2.1  Azimuth  Direction  to  Omega  Transmitters 
from  Anchorage,  Alaska 
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Differential  Omega  System  Configuration 


aircraft  based  at  Anchorage  International  Airport.  Monitor 
stations  were  located  at  Merrill  Field  about  5  miles  east  of 
Anchorage  International,  and  at  Deadhorse,  on  Pruuhoe  Bay.  Omega 
receivers  ana  NDB  transmitters  were  nearly  colocated  at  both 
monitor  stations.  Reference  location  information  tor  the 
navigator  aircraft  was  provided  by  identified  pads  for  ground 
tests,  and  by  DME  instrumentation  for  flight  tests.  Figures  2.3 
and  2.4  illustrate  the  geography  of  the  experiment  ana  available 
instrumentation.  These  figures  display  every  VOR/DME  within  2SU 
miles  of  Anchorage  and  Deadhorse.  Although  these  navigation  aias 
provide  reasonably  redundant  coverage  for  enroute  navigation  of 
aircraft  flying  at  high  altitudes,  their  1 ine-of-s ight  range  is 
proportionately  less  at  low  altitudes  so  that  they  degenerate  to 
short-range  homing  aids  for  general -a v i a t i on  users  who  are 
limited  to  altitudes  less  than  about  10,000  ft.  It  can  oe  seen 
that  for  the  low-altitude  user,  there  are  vast  areas  in  Alaska 
where  there  is  no  effective  coverage  by  VOR/DME. 

It  is  instructive  to  provide  a  brief  description  of  the 
operation  of  the  monitors  and  the  determination  of  differential 
corrections,  ^e  begin  by  expressing  the  known  location  of  a 
monitor  in  terms  of  standard  phases.  A  stanoara  phase  is  defined 
by  a  monitor  location,  an  Omega  transmitter  location,  an  Omega 
frequency  and  a  geodetic  model.  First,  the  propagation  range 
between  a  monitor  and  an  Omega  transmitter  is  calculated  using  an 
appropriate  geodetic  model.  Next,  the  propagation  range  is 
expressed  in  wavelengths  for  the  particular  frequency.  Finally, 
the  integer  number  of  wavelengths  is  discarded  ana  the  fractional 
wavelength  is  retained.  This  fractional  wavelength  is  known  as  a 
standard  phase  and  it  is  a  highly  sensitive  indicator  of  monitor 
location.  Standard  phases  from  three  Omega  transmitters  define 
the  location  of  a  monitor  uniquely  except  for  the  lane  ambiguit> 
discussed  earlier.  Tables  2.1  ana  2.2  list  standard  phases  for 
the  Deadhorse  and  Anchorage  monitor  stations.  These  values  weie 
calculated  using  a  ^GS-72  geodetic  model  ana  assuming  propagation 


velocities  on  1o19.I4.oO  \M/ s  at  i3.o  km  ana  iOi.d95.«*5  N.n/ s  at 


10.;  kHz. 

We  next  consider  the  arithmetic  involved  in  providing  a 
differential  correction.  bacn  monitor  receiving  system  consistea 
or  tnree  Omega  receivers,  a  Kuoiuium  irequency  stanoaru,  a  i-wnc 
subcarrier  mouulator,  ana  a  microcomputer.  'lhe  irequency 
standard  was  used  to  provide  stable  monitor  receiver  retcrences 
at  10.2,  11.35  and  15.6  kHz.  bach  Omega  receiver  was  tuneu  to 
one  of  tne  three  frequencies  anu  usually  receiveu  signals  trom 
stations  A,  C,  U,  and  H.  At  each  irequency,  tne  phase  or  a 
signal  from  one  transmitter  was  compared  witn  tne  pnase  or  the 
locally  synthesized  signal,  ana  tne  pnase  airierence  was 
transmitted  as  a  correction.  We  nave,  tor  eacn  signal, 


*  -  1  ; 

*  s  '■in 

-  :r;  =5 

wnere  i  = 

stanuara 

pnase 

-m 

measured 

s 1 gnal 

:r 

local  relerence  ehase 

3  = 

ailterential  correction 

laeaiiy,  tne  local  relerence  pause  i  wouia  oe  identical 
to  the  phase  at  the  Omega  transmitter  in  whicn  case  bq .  1 2 .  1  j 
would  express  tne  relationship:  irue  Kange  -  Measureu  Range  = 

Range  brror.  In  tact,  the  local  rererence  pnase  oilrerea  rrom 
the  tr ansmi t ter  pnase  oy  an  arDitrary  unknown  value.  because  or 
the  precision  of  tne  local  frequency  rererence,  however,  tne 
unknown  phase  uifterence  oetween  tne  monitor  local  rererence  anu 
the  transmitter  varied  quite  slowly.  Tne  local  rererence  phase 
disappeared  in  the  process  or  tovmmg  an  LOP  which,  as  we  have 
stated,  involved  rormins  pnase  aifterences  oetween  signals 
measured  trom  two  transmitters.  It  we  apply  tins  process  to  04. 
(2.1;  tor  any  two  omega  transmitters  iaoeieu  Ru.  1  ana  Ro.  ,  we 


U  -l) 


Subtracting  hq.  I2.ej  troin  £4.  vZ.cj  yields  a  quantity  1  - 

Si  which  was  a  correction  to  oe  appiieu  to  an  LuP  anu  wium  was 
inuepenuent  oi  tlie  local  reterence  pnase  at  tnc  monitor. 

In  this  cont igurat ion  each  phase  correction  as  expressed  uy 
Eq  .  (2.  ij  was  transmitted  via  tne  NDu.  'lne  appropriate 
como inat ions ,  as  expressed  oy  tne  uitrerence  A ^  ,  are 

performed  by  the  navigation  computer  within  the  avionics 
according  to  the  LuPs  being  computeu.  A  complete  correction 
message  was  transmitted  every  ten  seconds  anu  consisted  or  tweive 
correction  values;  i.e.,  tour  transmitters  at  tnree  rrcquencies 
each. 

Appendix  A  describes  the  tormat  or  the  uirterentiai  umega 
correction  message  mat  was  transmitted  over  the  Me  data  unis. 
Appendix  B  describes  the  software  rcsiuent  in  tne  bystem 
Integrator  and  Appendix  C  contains  a  schematic  diagram  or  the 
System  Integrator  electronics. 
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III.  FibLD  IboT  MhAb>UKfcMb;\  lb  ANU  KUOuLlb 


5.1  Gt  Nb  Krt  L 


Field  testing  ot  Uitterentiai  omcsa  under  this  project  coon 
place  m  January,  March,  June  ana  octoDer  ly»U  ana  t-euruar* 
lygi.  Field  testing  in  Alaska  lias  presented  many  uimcuities, 
foremost  ot  wmch  nave  oeen  the  following: 

•  Tne  sites  ot  the  field  experiments  nave  oeen 
Anchorage  ana  Ueaanorse,  Alaska,  wnereas  tne  major 
participants  in  the  project  have  been 
neauquarterea  in  Ottawa,  banana;  Austin,  lexas; 
anu  Palo  Alto,  California.  bach  series  ot  neio 
tests  thus  required  consiueraole  coordination  anu 
scheduling,  ana  involved  a  sigmticant  expense  tor 
travel,  per  aiem,  etc. 

•  The  amount,  of  dedicated  flight  time  authorized  tor 
tais  project  was  extremely  limiteu.  .as  a 
practical  matter,  then,  acquisition  ot  tn6nt  oata 
was  largely  constrained  Dy  tne  avaiiaoiut;  , 
routing  ana  scheduling  ot  commissary  lligiits. 

Flights  to  ueaanorse,  tor  example,  were  mrrequcnt 
so  that  data  for  the  Ueaahorse  monitor  system  are 
quite  limited. 

•  The  environment  in  Alaska  is  narsn.  On  two 
occasions,  tor  example,  external  electrical 
proolems  aisaoiea  tne  monitor  station  (.once  at 
Anchorage,  once  at  DeaahorseJ  anu  negated  llignt 
tests  tnen  underway. 

•  The  differential  Umega  equipment,  ootn  in  tne 
aircraft  and  in  the  grounu  stations,  was  installed 
for  the  specific  purpose  ot  the  uitierentiai  ome6a 
project.  Consequently  the  equipment  was  nut 
operated  or  maintained  during  tne  iong  periods 
between  tieiu  tests,  as  a  resuit,  eacn  series  ot 
field  tests  mevitaoly  involved  several  uays  ot 
trouole-snooting  ana  repair  oetore  valid 
Differential  Omega  tests  could  be  pertormeu. 
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•  Ihe  remoteness  ot  Alaska  ,<nu  the  lack  of 

sophisticated  repair  ana  uata  reduction  facilities 
for  project  equipment  resultea  in  extensive  delays 
m  effecting  certain  repairs  anu  transcription  01 
data  tapes.  lhese  delays  nau  a  significant 
cumulative  effect  on  the  project  schedule. 

In  terms  of  useful  uata,  the  two  most  important  field  tests 
tock  place  during  uctober  1980  and  February  1981.  It  is 
instructive  to  consiuer  these  test  sets  separately,  alter  which 
the  general  implications  ot  the  results  will  be  discusseu. 

3.2  OCTOBER  1980  FIELD  TEST b 

Field  tests  took  place  during  the  period  Uctober  16  through 
October  24,  1980,  and  were  conducted  in  three  sets.  The  first 
set  involved  Differential  Omega  navigation  while  the  aircralt  was 
parked  at  a  known  location.  Samples  ot  navigational  solutions 
taken  at  ten-second  intervals  from  the  avionics  were  recorded  tor 
fifteen  minutes  each  on  several  occasions,  yielding  statistical 
performance  data  at  a  fixed  location  free  of  the  complications 
associated  with  flight  testing.  The  second  set  of  tests 
consisted  of  recording  Omega  phase  uata  in  one-minute  samples  for 
several  days  as  received  by  the  Deauhorse  and  Anchorage 
monitors.  The  measurement  data  taken  from  each  monitor  provided 
information  on  diurnal  variations  in  phase  associated  witn 
regular  ionospheric  behavior.  Comparison  of  the  phase  data 
between  the  two  monitors  yielded  iniormation  on  range 
decorrelation  error  for  Differential  omega.  Ihe  thiru  set  ^f 
tests  took  place  during  routine  flights  of  tne  aircrart  irom 
Anchorage  International  Airport.  These  tests  yielued  iniormation 
on  in-flight  performance  of  Differential  Uinega  in  terms  ot 
accuracy  and  maximum  range  ot  the  data  link.  It  is  instructive 
to  consider  each  of  these  sets  of  tests  in  detail. 


a  a 
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5 . I . 1  Differential  Umega  Ground  Tests 


The  Differential  Umega  ground  tests  were  performed  as 
follows.  The  aircraft  was  parked  on  a  pad  at  Anchorage 
International  Airport.  The  monitor  computer  at  Merrill  Field  was 
loaded  with  the  appropriate  standard  phases.  The  system  was 
operated  in  the  Differential  Umega  mode  using  correction  data 
from  the  monitor  at  Merrill  Field.  Navigation  solutions  at  the 
aircraft  based  on  ten-second  sampling  periods  were  recorueo  tor 
fifteen  minutes.  The  standard  phase  values  in  the  monitor 
computer  were  then  modified  to  simulate  a  displacement  of  tne 
monitor  two  miles  north  of  its  actual  position.  ten-second 
samples  of  navigation  solutions  at  the  aircraft  were  again 
recorded  for  fifteen  minutes.  The  standard  phase  values  in  the 
monitor  computer  were  then  modified  to  simulate  a  displacement  of 
the  monitor  two  miles  west  of  its  actual  position.  len-seconu 
samples  of  navigation  solutions  at  the  aircraft  were  again 
recorded  for  fifteen  minutes.  The  three  sets  of  measurements 
were  performed  twice,  once  between  11  AM  and  12  noon,  and  once 
between  6  PM  and  7  PM  local  time. 

Figure  3.1  illustrates  an  example  of  the  results  obtained 
from  the  Differential  Umega  ground  tests.  The  origin  ot  the  plot 
is  defined  to  be  the  pad  location,  61°10'22"N,  14y°58'U6"h, 
and  the  plotted  points  represent  the  navigation  solutions 
obtained  during  the  tests.  The  three  groups  of  solutions 
correspond  to  the  three  sets  of  standard  phases  Loaded  into  the 
monitor  computer.  The  results  shown  in  Figure  3.1  are 
representative  of  all  results  obtained  from  the  Differential 
Umeg3  ground  test. 

Analysis  of  the  results  of  these  tests  yields  the  following 
observat  ions  : 

llJ  Random  scatter  of  the  ten-second  navigation 

solutions  was  about  0.25  nautical  miles,  2-DKMb 
l A  j .  Since  the  sampling  rate  was  not  adjustable, 
there  was  no  opportunity  to  investigate  the 
dependence  of  random  error  statistics  on  sampling 
period. 
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(Z)  Mean  error  of  the  test  data  was  about  0.5  nautical 
miles  eastwara,  0.25  nautical  miles  northward. 

This  error  is  not  attributed  to  Differential 
Omega.  It  is  probable  that  the  mean  error  is 
caused  by  uncertainties  in  the  assumed  locations 
of  the  monitor  or  the  aircraft  pad. 

13)  Mean  error  at  any  single  location  can  be  zeroed 
out  by  adjusting  the  standard  phases  at  the 
monitor.  Adjustment  of  the  mean  error  had  no 
observable  effect  on  the  random  error  component  oi 
the  navigation  solutions  for  these  tests. 
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Figure  3.1  Representative  Results  of  Differential  Omega  Ground 
Tests,  October  19,  1981).  (Dashed  lines  contain  9  5% 
of  all  data  points.) 
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Received  omega  phases  at  tne  Merrill  liciu  ano  neadnursc 
monitors  were  sampled  anu  recorued  at  one-minute  intervals  ucari) 
continuously  tor  several  days  during  tne  experiment.  r'liaae  uata 
at  each  monitor  ,.  lelaeu  information  on  taj  aon6  -  term  arm  ol  tne 
monitor  frequency  standard  relative  to  tne  standard  ut  tne  umeba 
transmitter  networx,  toj  aiurnai  pnase  variations  associateu  witii 
regular  ionospheric  ettects,  anu  vcj  the  presence  ut  phase 
anomalies  with  periods  greater  tnan  one  minute.  in  audition, 
comparison  ot  phases  oetween  the  two  monitors  yieiueu  intormation 
on  the  range  decor relat ion  error  ot  umc6a  navigation  solutions 
between  the  two  monitor  locations. 

i-igure  5.1  illustrates  24  hours  ot  phase  uata  recurueu  at 
the  Merrill  i-ieio  ana  ueaanorse  monitors.  turves  are  presenteu 
tor  signals  at  iu._  knz  anu  15. 0  kHz  lrom  stations  a,  c,  anu  u. 
station  u  was  temporarily  ott  the  air  during  tnese  measurements. 
Phase  is  measured  inouulo  one  cycle  anu  cycie  ronovers  are 
ret  lections  oi  continuous  phase  variations. 

examination  ot  figure  5.2  reveals  tne  Lonowirig  leatures: 

ill  there  is  great  similarity  in  tne  gross  behavior  ot 
corresponding  signals  at  ni.i  xnz  anu  x o . o  miz 
althougn  tine  structure  appears  to  oe  unco r re  la t eu  . 

12 j  Uiurnai  pnase  variations  arc  most  pronounced  anu 
most  regular  from  station  u,  anu  least  pronounceu 
anu  least  reguiar  trom  station  a.  Tnese 
observations  are  consistent  with  the  tacts  tnat 
propagation  trom  U  is  essentiany  tiirougn 
miuiat ltuues  along  a  meridian  wnere  ionospneric 
behavior  is  well  oenaveu  anu  daily  soiar  zemtn 
angle  variations  are  large;  whereas  propagation 
trom  a  is  tnrough  tne  polar  cap  wiucn  is  less 
regular  anu  where  daily  soiar  zenith  angle 
variations  are  small. 

15 j  There  is  evidence  of  a  slow  lone-nait  cycle  per 

uay)  arm  in  the  pnase  ut  tne  L/eaunorsc  trequency 
standard  with  respect  to  tne  stanaaru  ot  the  ume6a 
transmitter  network.  inis  eitect  is  evident  at 
ootn  iu.2  tiiiz  anu  15.0  whz.  Tuts  is  not  a  serious 


problem  since  the  differential  nature  ot  tne 
navigation  correction  cancels  the  siow  units 
out.  It  uoes  not  corresponu  to  a  rreqoency  onset 
ot  roughly  5  x  10'iU  in  tne  monitor  station's 
standard,  mth  proper  maintenance  tne  standard  is 
capaDle  ot  being  set  to  *1  x  iU‘l^  so  this  drift 
would  not  even  be  seen  in  an  operational  system. 

Any  drift  at  Merrill  field  is  inucn  smaller  anu  is 
net  readily  discernaole  over  a  24  Hour  period. 

14J  No  pronounced  pnase  anomalies  are  evident  at 
either  monitor.  The  data  uo  not  permit  tne 
observation  of  pnase  rluctuations  witn  periods 
less  than  one  minute. 

Comparison  of  the  pnases  received  at  tne  two  monitors  can 
provide  information  on  the  decorrelation  ot  ume5a  signals  oetween 
the  two  monitors.  The  degree  ot  decorrelation  is  a  direct 
measure  ot  the  utility  of  Uitterentiai  umega  over  tne  distance 
between  the  two  monitors. 

Ine  description  ot  range  decorrelation  can  oe  ap^roacneu  in 
the  following  way.  Suppose,  using  the  monitor  at  Merrill  field, 
one  formed  a  differential  correction  trom  signais  at  lu.Z  khz. 
received  from  stations  A  and  C.  Using  a  form  ot  hqs  l4.ll 
through  12. 5  J  >  one  obtains 

AcM  =  AAM  ACiw  lo-il 

wnerc  d  ^  is  a  uitterentiai  correction  to  the  A-C  CUP  tornieu 
at  Merrill  field  anu  A  anu  A  are  ootained  trom  nq.  U.ij 
as  applied  to  signals  from  stations  A  and  C,  respectively.  The 
number  represented  by  5^^  win  oc  applied  oy  a  navigator  as  a 
uitterentiai  correction  to  tne  A-c  LUP  formed  oy  tne  navigator. 
The  navigator  tnen  expects  that  the  corrected  LuP  win  De  nearly 
error-free.  Tne  A-C  LOP  can  De  comoineu  witn  two  other  luPs  in 
the  navigator's  computer  to  form  tne  uesireu  tix.  Let  us  now 
repeat  the  process,  using  the  beaonorse  monitor.  lie  nave, 
analogous  to  equation  tj.ll 

5ACP  =  “aP  “CP  to.2> 
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where  subscript  P  rerers  to  tne  Deaanurse  monitor.  Let  us  now 
imagine  a  navigator  novering  directly  over  tne  ueaunorsc  monitor 
who  purports  to  navigate  witn  Ui  1 1  e  rent  la  i  ume6a  using  eimer  tne 
Merrill  Pielu  corrections  uescriDeu  oy  1:4.  10. ij  or  tne  L/eaanorse 
corrections  uescrioeu  oy  hq.  15. ZJ.  It  tnere  were  pertect 
correlation  Detween  Merrill  Pieiu  anu  ueaunorse,  tne  result 
shoulu  be  inuepenuent  ot  wnicn  monitor  is  used,  thus  pertect 
correlation  implies  mat,  at  each  instant  ot  time,  6  ^  = 

The  extent  ot  disagreement  Between  me  two  sets  ot 
0 1 1 1 e rent  1a 1  corrections  is,  theretore,  a  measure  ot  tne  lacx  ot 
correlation  between  Che  two  locations  anu  may  oe  uescriDeu  as 
range  uecor re lat ion  error  tor  tne  pair  ot  locations. 

Pigure  5.3  illustrates  values  ot  <5  ,  -  i,,  ,  ,  6,  ..  - 
0  AlP  ALM’  AuP 

ADM  auu  'CLP  "  ^CbM’  Cliat  1S>  til  t  terences  between 

cor r e sponu  1  ng  LUP  corrections  obtained  at  ueauhorse  anu  Merrill 

Pielu  tor  tne  three  possible  pairs  Ac,  An  anu  ou.  The  plotted 

values  may  be  interpreted  as  measures  ot  range  uecor reiat  ion 

errors;  that  is,  the  navigation  errors  one  shoulu  expect  near  one 

monitor  while  using  correction  values  trom  tne  otner  monitor. 

Range  uecor re  1  a 1 1  on  errors  uetween  ueaahorse  anu  Merrill  Pieiu 

are  seen  to  exhibit  the  1 01  lowing  characteristics: 

lij  cross  behavior  is  similar  Detween  iu.<.  Khz  anu 
i5 . b  Khz  . 

1ZJ  A  uiurnai  pattern  is  evident  tor  each  LuP,  out  tne 
pattern  is  complex  anu  is  not  tne  same  tor  all 
LUPs  . 

i5y  I"ne  total  range  oi  uecor  re  la  t  ion  error  oDserveu 

uunng  the  Z4-uour  period  is  less  than  +u  .  -  cycles 
IP  +_2  N.'iJ  .  1  he  maximum  excursion  ot  any  LUP  error 

is  about  U.2  cycles  +2  NiMy  . 

Although  Ueaunorse  anu  Merrill  Pieiu  are  separated  Dy  aoout 
5Su  NM,  which  is  a  much  greater  range  than  is  considered  tor 
biiterential  Umega  validity,  the  results  illustrated  by  Pifeure 
5.5  suggest  that  even  at  this  range,  the  accuracy  acnievaoie  trom 
Uitterentiai  umega  would  oe  comparable  to  mat  acmeveu  wim 
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ordinary  Omega,  and  since  range  decorrelation  error  is  expectea 
to  be  roughly  proportional  to  data-link  range,  Differential  Umega 
accuracy  should  be  superior  to  ordinary  Omega  accuracy  tor  all 
data-link  ranges  less  th..n  550  NM. 

3.2.3  Differential  Omega  Flight  Tests 


blight  tests  were  performed  to  verify  Differential  Umega 
operation  and  performance  under  actual  flight  conditions.  The 
flight  tests  provided  information  on  two  primary  indicators  of 
performance;  maximum  range  of  the  data  link  and  accuracy  of  the 
navi  gat  ion . 

Four  round-trip  flights  out  of  Anchorage  International 
Airport  were  flown  curing  the  experiment,  as  follows:  October 
16,  Anchorage  to  Galena  to  Anchorage;  October  17,  Anchorage  to 
McGrath  to  Anchorage;  October  22,  Anchorage  to  Hetties  to 
Anchorage;  October  23,  Anchorage  to  Deadhorse;  uctober  24, 
Deadhorse  to  Anchorage.  Table  3.1  lists  the  flights  ana  the 
maximum  ranges  of  the  aata  link  that  were  observeu.  Maximum 
range  was  defined  in  terms  of  receivea  data  link  signal  quality 
according  to  an  algorithm  that  measures  error  rate  in  the 
differential  correction  data.  When  error  rates  exceeded  a  preset 
threshold  of  2.5  x  10'\  the  differential  correction  message 
was  rejected  and  the  maximum  range  of  the  data  link  was  deemea  to 
have  been  exceeded.  Characteristics  of  the  data  link  are 
discussed  at  greater  length  in  Section  IV. 


Table  5.1 

ubserved  Differential  Umega  Maximum  Range 

i  n  NM 


GATE 

MONITOR 

OUTBOUND  FLIGHT 

INBOUNO  FLIGHT 

October  16 

Merrill  Field 

55 

107 

October  17 

Merrill  Field 

123 

October  22 

Merrill  Field 

53 

103 

October  23 

Merrill  Field 

44 

... 

October  23 

deadhorse 

No  date 

October  24 

Deadhorse 

198 

... 

October  2*1 

Men  :n  Field 

... 

147 

3U 

The  results  shown  in  Table  5.1  suggest  tne  toiiownig: 


flj  Maximum  range  ot  the  aata  link,  is  variaoie  oy  a 
factor  of  two  trom  uay  to  nay.  unce  the  routes 
anu  times  associated  with  the  nights  on  uctober 
lb,  17,  anu  2  2  were  similar,  the  most  iueiy 
explanation  ror  the  daily  vanatiun  appears  to  oc 
the  varying  level  ot  P-static  noise  encountered  l>> 
tne  aircraft.  in  tact,  concurrent  measurements  01 
P-static  in  a  collateral  experiment  suggest 
support  tor  tms  explanation. 

12  J  The  smallest  maximum  range  oDserveo  during  tins 
experiment  was  44  NM.  lhere  is  no  reason  to 
believe  tms  tigure  could  not  De  improved  by  using 
higher  levels  ot  modulation  at  the  monitor  Mid  or 
by  means  ot  other  changes  aesigneu  to  optimize  tne 
performance  of  Differential  uuiega. 

15J  There  is  a  strong  inuication  ot  a  non-unitorm  gam 
pattern  in  the  beacon  antenna  ot  the  aircratt. 

The  ratio  of  average  maximum  range  on  inbound 
flights  to  average  maximum  range  on  outbound 
flights  for  the  flights  on  October  lo,  i7  anu  22 
is  aoout  1.4  ana  suggests  a  tront-to-bacx  gain 
ratio  of  5  ub  in  the  aircraft  antenna  pattern. 

Measurement s  were  maae  to  determine  the  accuracy  pertuimance 
of  Differential  Omega  during  the  flights  ot  uctooer  lb-2a.  ine 
technique  useu  was  to  record  simultaneously  samples  ot  DMt 
measurements  anu  navigation  outputs  ut  tne  umesa  equipment.  umt 
measurements  were  ot  slant  range  trom  the  aircratt  to  tne  umt 
transponder  being  interrogated  by  tne  aircratt.  DMt  accurac.  is 
considered  to  be  about  one  percent  ot  the  range  being  measured. 

The  accuracy  measurements  were  hampered  by  several  problems 
in  the  aircratt.  hirst,  data  trom  one  ot  tne  two  D>iti  ranee 
consistently  to  record  properly,  thus  determinations  ot  omega 
accuracy  could  only  be  maae  along  tne  direction  aerineu  D y  tne 
other  DMt  measurement.  becona ,  true  airspeeu  aata  trom  tne 
aircraft  to  the  omega  were  not  available  tor  tms  experiment. 

True  airspeed  is  an  essential  input  to  tne  omega  system,  ana 
missing  or  incorrect  aata  cause  significant  error  in  tne 
navigation  solution.  In  tne  absence  ol  the  normal  true  airspeeu 
signal,  tms  essential  input  could  oe  provided  only  by  xe;  lug-in 
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an  estimated  value  through  the  front  panel  controls  of  the  Omega 
receiver. 

During  the  analysis  following  the  experiment,  only  two  cases 
were  found  in  a  L 1  the  recorded  flight  data  where  Reyed-in 
estimates  appeared  to  be  reasonably  accurate.  Figure  5.4 
illustrates  navigation  performance  of  Differential  Omega  for 
these  two  cases,  where  the  plotted  values  represent  the  component 
of  Omega  error  in  the  direction  derined  by  the  DMI:  measurement. 

The  results  illustrated  in  Figure  5.4  suggest  the  following: 

11)  In  both  cases,  the  only  measured  components  of 
navigation  errors  are  along  track;  that  is, 
parallel  to  the  flight  path  of  the  aircraft. 

Along-track  navigation  performance  of  airborne 
Omega  is  more  -sensitive  than  cross-track 
navigation  performance  to  errors  in  true  airspeea 
information.  The  results  displayed  here  are  thus 
conservative  with  respect  to  two-dimensional  error 
performance  of  Differential  omega. 

(2)  Both  measurements  indicate  a  nearly  monotonic 

increase  in  error  with  increasing  range  from  the 
monitor.  This  trend  is  consistent  with  the 
results  obtained  by  others  [5]  and  illustrated  in 
Figure  1.1,  although  the  magnitude  of  error  in  the 
present  experiment  is  considerably  larger  than 
that  observed  in  earlier  work. 

5.2.4  P- Static  Noise  Cancellation  Tests 


During  the  October  1980  flight  tests,  a  special  experiment 
was  performed  to  test  a  proposed  method  for  providing 
cancellation  of  P-static  at  \LF.  The  P-static  experiment  was  nut 
an  integral  part  of  the  Differential  Omega  tests  ana  was 
performed  on  a  non-interference  basis.  Appendix  D  is  the  Final 
Report  describing  the  results  obtained  during  the  experiment. 


5.5  1'  l;  d  K  lj  A  k  A  19  Si  rlbLu  lhbls 

Fielu  tests  were  conducted  Detween  ij  Feoruary  anu  i7 
February  isSi.  1  lie  tirst  three  uays  were  spent  trouuiesnoot  in6 
anu  repairing  equipment  problems.  lue  tirst  u i 1 1 e rent i a  1  omega 
Flight  test  ot  tne  series  toow  ^lace  during  a  commissary  i  i  i6lit 
From  Anchorage  to  i\m6  saiinon.  Umortunateiy ,  an  electrical 
transient  in  tne  ground  station  power  source  uisaoieu  tne  Deacon 
transmitter  shortly  alter  taweotL  trcm  Anchorage,  tnus  negating 
any  Uitterentiai  omega  results  that  migiit  otnerwise  tiave  Dcen 
o  d  t  a  l  n  e  u  . 

un  Z~  February  another  i light  test  oi  uitterentiai  umega  was 
attempted.  The  tiight  on  Ll  Feuruary  was  entirely  ueuicateu; 
that  is,  Uitterentiai  Umega  test  was  tne  oniy  purpose  tor  tne 
Flight  . 

lhe  test  plan  was  to  t 1 >  trom  Anchorage  to  nomer  usins  the 
henai  anu  Homer  UNib  signals  tor  reterences  white  pertorming  area 
navigation  enroute.  Alter  arriving  at  nomer,  the  plan  caileu  tor 
Flying  a  series  ot  non-precision  approach  routes  incluuing 
proceuure  turns  anu  trying  accoruing  to  tne  iLs  aocaiicer  beam  at 
homer  . 

lhe  uata  tins,  containeu  significant  static  anu  i  many 
oecaine  unusaole  at  aoout  oU  miles  out  ot  Anchorage.  the  tiight 
proceeded  to  nomer  anu  attempts  were  maue  to  recover  tne  uata 
link  but  witnout  success.  lire  aj rural t  tiien  proceeueu  to  uifa 
La k e  waere  tne  uata  i  iiik  *  a  s  recove reu  anu  w here  several 
:;w-aitituue  overt  lights  ot  tne  uoit  antenna  were  conuucteu.  uy 
this  t  l  ui  e  tne  weutner  hau  cieareu  suit  lcientiy  to  permit 
iow-altituue  tlights  at  nearoy  tlmenuort  Air  Force  oast.  several 
l Ls  approaches  were  then  tlown  on  the  local  iter  oeam  at  timehUurt 
anu  a  comparison  was  maue  Detween  uMb  reauings  anu  uitterentiai 
omega  reauings  using  the  u.^tb  antenna  coiocateu  witn  tne  timenuori 
local  iter  intenna . 
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Figure  3.5  illustrates  the  twoaimensional  resuits  ootaineu 
during  the  flight  from  Anchorage  to  Homer.  In  Figure  3.5,  the 
tips  of  the  arrows  represent  the  aircrart  positions  aetermineu  b> 
DME  measurements  from  Anchorage,  henai  and  Homer.  The  bases  or 
the  arrows  indicate  the  Umega- inf erreu  position  of  the  aircrart 
at  corresponding  times.  It  can  be  seen  that  the  Differential 
Omega  error  at  2  209  GMT  was  about  5  i\M  Lif  we  assume  that  the  u.Mt 
readings  were  error-freej  ana  that  the  Differential  Umega  error 
decreases  monotonical ly  with  time  until  2219  GMT  when  the 
apparent  error  was  less  then  0.1  NM.  At  2219  GMl  the  aata  link 
was  lost,  and  Figure  3.5  indicates  that,  upon  losing  the  data 
link,  Omega  accuracy  degraded  immediately. 

The  reason  for  the  observed  behavior  is  believed  to  be  the 
combination  of  two  factors.  First,  the  Tracor  7620 
Receiver/ Processor  has  a  convergence  time  of  about  20  minutes 
after  utilization.  Secondly,  just  betore  takeoff  trom  Anchorage, 
the  system  lost  power  while  switching  from  a  ground  source  to 
aircraft  engine  power,  ana  so  the  processor  hau  to  be 
re- init ialized  after  starting  the  aircraft  engines.  Since 
takeoff  at  about  2200  GMT  took  place  immediately  after  starting 
the  engines,  the  Omega  solution  had  not  completely  converged  by 
2209  GMT  when  data  recording  began. 

The  most  definitive  measure  of  Differential  umega  accuracy 
performance  occurred  during  flights  of  the  aircraft  along  the 
localizer  beam  at  Elmendorf  AFB.  The  Elmendort  localizer  beam 
provides  guidance  for  a  low-altitude  flight  path  orienteu  at 
55°  magnetic  1 8  0°  truej  with  respect  to  north.  Even  in  tne 
presence  of  cross  winds,  a  skiiltul  pilot  can  maintain  a 
cross-track  error  of  less  than  200  feet  with  respect  to  the 
center  of  the  beam.  In  the  present  case,  the  aircratt  maintained 
a  cross-track  error  less  than  150  feet  during  each  approach  along 
the  localizer  beam.  Following  the  first  and  ana  second 
approaches,  the  aircratt  proceeded  in  a  coun t e r - c 1 ock w i se 
direction  to  intersect  the  beam  again. 
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Figures  5.6  anu  5.7  illustrate  tne  results  ootaineu  aurm^ 
the  second  and  chira  approacnes  along  tnc  biiuenuovt  iocanzer 
beam.  In  these  Figures  the  tips  ot  the  arrows  uescriDe  cue 
location  ot  the  aircratt  at  various  times  as  uetermineu  oy 
localizer  ana  TACAN.  'lhe  square  uots  at  the  oases  ot  the  arrows 
describe  the  Differential  ume6a  solutions  ootaineu  at  the  same 
t  lilies  . 

The  results  illustrateu  in  Figures  5.6  ana  o . 7  indicate  tnc 
following: 


tlj  The  magnitude  of  navigation  error  in  tnc  uitterciitiai 
umega  solutions  varied  troui  aoout  t.b  N*m  to  about 
0.25  NM  during  each  approach  along  the  beam. 

I2j  Pertormance  ot  the  Differential  umega  system  was 
repeatable  on  successive  approaches. 

15)  Differential  umega  position  solutions  during  a  typical 
approach  can  oe  cnaracterueu  oy  a  position  oversnoot 
of  about  1.5  NM  followed  by  a  monotonic  decrease  in 
error  witn  an  effective  time  constant  ot  aoout  twu 
minutes.  The  position  overshoot  began  as  tne  aircrait 
executed  a  procedure  turn  counter-clockwise  to  enter 
the  path  of  the  localizer  beam. 

14)  A  random  error  component  ot  about  U.25  ism  2-DKMi 

appears  to  oe  superimposed  on  the  transient  response 
noteu  in  (.5  )  . 
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IV.  blbCbbbiuN 


The  flight  tests  of  October  1980  ana  feoruary  i9ei  nave 
proviaea  answers  to  many  ot  the  questions  tnat  were  stateu  at  tne 
beginning  of  this  project,  as  well  as  to  some  questions  that  were 
probaoly  not  consiaerea.  It  is  instructive  to  pose  two  Droaa 
questions  here  that  have  been  implicit  in  this  project  troni  tne 
beginning,  ana  to  consiaer  how  tne  results  ot  this  ettort  answer, 
or  fail  to  answer  these  questions.  The  questions  are: 

(.  1  j  What  was  the  performance  of  the  bitterentiai  omega 
system  that  was  testea  in  Alaska? 

I2J  What  is  the  achievaole  pertormance  of  bitterentiai 
omega  navigation  in  Alaska? 

The  first  question,  has  been  answerea,  to  a  large  extent,  Dy 
the  test  results  aesenbea  in  section  ill.  Tne  pertormance 
parameters  measurea  auring  the  fieia  tests  were  navigational 
accuracy,  aata-iinx  range,  transient  response  ana  system 
rel iaoi 1 i ty . 

Navigational  accuracy  for  the  existing  system  was  tounu  to 
be  character izea  Dy  a  ranuom  error  component  or  aDout  u.25  Ni*i 
2-bkMb  fsS’oj,  unaer  iaeal  conaitions;  tnat  is,  witn  a  stationary 
navigator  within  6  NM  of  the  monitor  station,  bnuer  conaitions 
that  inciuaea  low  aitituaes,  a  snort  aata-nnw  range  ana 
proceaure  turns,  the  total  error  appeareu  to  be  character izea  Dy 
a  transient  error  component  witn  a  1.5  Nni  peaw  ana  a  L -minute 
decay  time  constant,  along  with  a  steaay-state  ranuom  component 
of  about  0.25  NM,  2-bKMb. 

These  results  are  of  the  form  preaicteu  theoretically  loj  m 
terms  of  the  polarity  ot  tne  overshoot  ana  the  time  constant  or 
the  recovery  following  a  maneuver,  however,  the  magnituue  or  tne 
overshoot  was  much  larger  than  has  been  preaicteu.  The 
theoretical  preaictions  were  basea  on  computer  simulations  of 
iaealizeu  conaitions  ana  aia  not  incluae  tne  effects  ot  unite 
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signal-to-noise  ratio  ana  instrumentation  error.  It  shouia  oe 
pointea  out  that  the  transient  benavior  ot  tne  system  following 
an  aircraft  maneuver  shouia  be  the  same  whether  the  system  is 
operating  in  orainary  Umega  or  bit terential  omega.  In  otner 
woras,  susceptability  to  aircratt  maneuvers  is  not  a 
characteristic  that  is  specinc  tj  bitterentiai  Umega,  although 
transient  effects  are  potentially  quite  important  wnerever  hign 
accuracy  must  be  maintaineu  continuously  curing  some  penoa,  sucn 
as  during  a  non-precision  approach. 

There  are  several  plausiole  reasons  tor  tne  large  oversnoot 
that  was  observea,  incluaing  lags  or  errors  m  the  aiauig  inputs 
Itrue  airspeea  ana  heaaingj,  ana  lags  or  errors  in  tne  tracking 
loops  or  navigation  filter  of  the  Umega  receiver.  Tne  umiteu 
data  uo  not  permit  a  aefimtive  analysis  ot  the  reason  tor  the 
position  overshoots  following  maneuvers,  however,  since 
preaictea  benavior  L & J  containea  mucn  smaller  oversnoots  tnan 
were  observea,  it  is  likely  that  tne  observeu  oversnoots  resuitea 
from  a  system  malfunction  rather  than  from  a  uesign 
characteristic . 

bata-link  range  was  observea  to  vary  from  44  Nw  to  iya  Nm, 
depending  on  the  level  of  raaio  noise  ana  the  orientation  of  tne 
aircraft  antenna.  The  small  sample  size  uoes  not  permit  a 
probability  of  successful  signal  reception  to  be  assi6nea  to  any 
range,  although  it  is  obvious  that  in  most  ot  tne  cases  observeu, 
the  effective  range  ot  the  aata  link  was  less  tnan  will  be 
required  by  an  operational  system.  In  oruer  that  aata-ung  ran6e 
not  be  the  limiting  factor  in  any  practical  application  ot 
bit'ferential  umega,  it  seems  tnat  reliable  aata-iink  range  snouiu 
be  at  least  2UU  NM  at  ail  times,  wmcn  is  a  factor  oi  nearly  live 
over  the  smallest  range  limit  ooserveu  curing  tne  tests. 

Uata-linK  range  can  certainly  be  unprovea  over  tnat 
observea.  Available  techniques  tor  improving  aata-iiriK  range 
induce  increasing  transmitter  power,  increasing  inoculation  level 
on  the  siue-tone,  aecreasing  the  link  uata  rate,  ana  previuing 
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software  (.such  as  error-correcting  codes;  that  is  more  tolerant 
of  bit  errors  in  the  aata. 

Probably  the  most  powerful  ana  cost-ef tect  ive  technique  tor 
increasing  the  range  of  the  data  link  is  to  reduce  the  link  data 
rate.  The  present  system  sends  a  complete,  40(J-bit  error  message 
every  10  seconds.  The  data  are  sent  at  125  baud  so  that 
transmission  of  a  complete  message  requires  3.2  seconas. 

Studies  (9]  and  observations  of  Umega  phases  auring  these 
tests  both  suggest  that  update  periods  of  up  to  five  minutes  are 
adequate  for  accurate  performance  of  Differential  umega.  It  the 
data  link  were  reconfigured  to  provide  one  update  per  100  seconds 
at  4.0  baud,  the  required  bandwidth  of  the  link  could  decrease  by 
a  factor  of  31.25  yielding  a  range  multiplication  of  5.6.  it  we 
take  44  NM  as  representative  of  the  existing  reliable  uata-iink 
range,  then  the  suggested  change  would  provide  a  reliable 
data-link  range  of  greater  than  245  NM  with  no  significant 
sacrifice  in  system  performance.  Furthermore,  baseband  circuits 
supporting  a  4-Hz  data  stream  can  be  designed  to  operate  at 
subcarrier  frequencies  as  low  as  30  Hz.  (systems  can  be  designed 
that  will  simultaneously  accommodate  a  30-Hz  telemetry  signal  anu 
a  normal  audio  [voice!  signal  [10].  The  implication  of  this  tact 
is  that  if  the  Differential  Omega  data  link  were  reconfigured  as 
suggested,  then  it  would  no  longer  be  necessary  to  disable 
weather  broadcasts  from  a  beacon  transmitter  when  the  beacon  is 
to  be  used  in  suppo-.t  of  Differential  Umega,  thus  removing  one  oi 
the  minor  irritations  experienced  during  the  tlight  tests. 

System  reliability  is  related  primarily  to  outages  caused  by 
the  loss  or  malfunction  of  any  of  the  system  components.  During 
the  October  1980  tests,  the  beaahorse  monitor  experiencea  an 
outage  of  several  hours  duration  and  Transmitter  H  (.Japan;  was 
off  the  air  for  several  weeks.  During  the  February  1981  tests, 
the  Anchorage  monitor  experienced  an  outage  of  several  Hours, 
both  monitor  outages  caused  a  complete  loss  ot  Differential  umega 
during  test  flights. 
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Reliability  can  be  increased  through  improved  design, 
improved  procedures  and  system  redundancy.  The  Deadhorse  outage 
resulted  from  the  accidental  cutting  of  the  cable  connecting  the 
monitor  receiver  anti  the  beacon  transmitter,  about  iUU  meters 
away.  This  type  of  problem  can  be  mitigated  either  by  colocating 
the  receiver  and  transmitter  or  by  providing  better  protection 
for  connecting  cables.  The  Anchorage  outage  resulted  from  a 
transient  in  municipal  power  that  caused  the  program  in  the 
receiver  processor  to  crash,  with  no  permanent  damage.  In  any 
permanent  system,  it  should  not  be  uitficult  to  proviue  isolation 
between  line  power  ano  processor  soitware. 

There  is  always,  in  any  system,  the  possibility  of  failures 
that  have  not  been  anticipated  as  well  as  the  requirement  to 
deactivate  a  system  for  routine  maintenance.  Offsetting  this 
problem  may  require  a  geographical  distribution  of  monitors  so  as 
to  provide  a  redundancy  of  data  links.  Swanson  L  4  J  has  pointed 
out  that  a  redundant  distribution  of  monitor  stations  also 
permits  increased  sophistication  in  the  differential  correction 
algorithm  that  will  decrease  range  decorrelation  error 
significantly.  Monitor  redundancy  did  not  exist  during  the 
Alaska  flight  tests  so  there  was  no  opportunity  to  evaluate  the 
benefits  of  such  redundancy.  Nevertheless,  in  any  future 
evaluation  of  Differential  Omega,  consideration  should  be  given 
to  relocating  one  or  more  of  the  monitors  to  provide  redundant 
coverage  over  some  test  area. 

The  ooserveo  performance  of  the  present  system  provides  some 
insight  into  the  achievable  performance  of  Differential  Omega 
navigation  in  Alaska.  The  most  fundamental  limitation  to 
navigational  accuracy  of  Differential  Omega  appears  to  be  range 
decorrelation  error,  at  least  at  longer  ranges.  At  short  ranges 
from  the  monitor,  steady-state  navigational  errors  can  be  reduced 
to  a  level  no  greater  than  about  0.25  NM . 

Convergence  time  of  the  Tracor  7620  following  initialization 
seems  inconveniently  long  for  use  in  many  general  aviation 
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applications.  It  should  not  be  necessary  tor  an  aircratt  to 
start  the  engine(s)  twenty  minutes  before  every  takeott  merely  to 
assure  accurate  navigation.  It  may  be  appropriate  to  design  into 
any  operational  avionics  a  special  stanuby  inoue  tnat  enables  the 
system  to  track  signals  with  a  minimum  power  arain.  In  auuir4oii, 
any  operational  system  should  include  a  tail  sate  design  that 
will  insulate  the  receiver/processor  from  briet  outages  or 
transients  in  aircraft  power. 

The  observed  transient  response  ot  the  Iracor  7620  toliowing 
aircraft  maneuvers  was  not  satisfactory.  The  FAA  recognizes  the 
inherent  problem  of  overshoot  in  area  navigation  systems  111]  anu 
suggests  that  pilots  anticipate  course  changes  by  one  mile  tor 
each  100  knots  true  airspeed  in  oruer  to  mitigate  such  ettects. 

It  is  clear,  however,  that  even  using  such  proceaures,  the 
observed  accuracy  of  Differential  Omega  navigation  under  t lie 
circumstances  of  the  February  flight  tests  would  have  aegraued 
for  a  short  time  following  aircraft  turns,  obviously,  transient 
behavior  of  Differential  Omega  is  an  important  consideration  tor 
any  operational  system. 
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V.  CONCLUSIONS  AND  RECOMMENDATIONS 


The  overall  objective  of  this  project  has  been  the 
development  and  evaluation  of  a  Differential  Omega  system.  most 
of  the  fielu  testing  has  taken  place  in  Alaska  anu  some  at  the 
results  that  have  been  achieved  are  indicative  of  the  particular 
nature  of  the  Alaskan  environment. 

Taken  as  a  whole,  the  flight  test  results  do  not  reflect  the 
performance  of  a  fully  developed,  operational  Differential  Omega 
system.  However,  from  the  results  that  were  achieved  and  trom  an 
understanding  of  the  nature  of  the  imperfections  that  were 
observed  in  the  system  performance,  one  can  deduce  the  potential 
performance  of  Differential  Omega  for  airborne  navigation  in 
Alaska  and  can  establish  the  major  design  requirements  tor  an 
operational  system. 

The  results  suggest  that  Differential  Omega  can  proviue 
reliable  operation  and  improved  performance  for  aata-link  ranges 
at  least  as  great  as  200  NM.  At  very  small  aata-link  ranges, 
accuracies  approaching  0.25  NM  2-DRMS  are  achievable.  Accuracy 
should  degrade  slowly  with  increasing  range. 

The  results  also  suggest  that  Differential  Umega,  when 
properly  implemented,  can  meet  requirements  for  terminal 
operations  and  non-precision  approach  as  well  as  for  enroute 
navi  gat i on . 

The  flight  tests  of  the  prototype  system  have  vielueu 
valuable  information  on  the  major  characteristics  ana  design 
parmeters  that  will  be  required  by  a  fully  operational  system. 

The  required  characteristics  that  have  been  identified  can  ce 
summarized  as  follows: 

11)  Monitor  stations  should  be  geographically- 

distributed  so  as  to  provide  redundancy  for  all 
potential  users.  The  monitors  themselves  should 
be  designed  to  be  highly  immune  to  transients  or 
outages  in  line  power. 


PriSCKDlM}  MJJK-NOT  flli® 


12J  Di t ferent ial  corrections  should  be  upaateu  about  once 
every  100  seconds.  uata  rate  neeu  be  no  greater  tnan 
about  4  hz .  A  modulation  method  snoulu  oe  aaopteu  such 
that  telemetry  ana  voice  can  De  oroaacast 
simultaneously  from  tne  ut-  Deacon  transmitter. 

15J  Monitor  stations  in  Alaska  should  process  aitierential 
corrections  only  for  omega  signals  trom  A,  o,  L>  ana  h 
ana  at  frequencies  or  lu.2  khz  anu  ib.o  khz. 

C 4  j  Transient  performance  requirements  for  area  navigation 
systems  have  not  oeen  clearly  specitieo  oy  tne  t-AA. 
Nevertheless,  the  transient  response  ot  the  uiuega 
receiver  usea  in  the  Alaska  tests  was  cieany  excessive 
for  nonprecision  approach.  since  overshoot  is  an 
unavoidable  characteristic  ot  most  area  navigation 
systems,  acceptable  levels  ot  transient  performance 
should  be  specified  in  order  to  establish  design 
criteria  clearly  for  future  systems . 

(.SJ  Airborne  Omega  receivers  shouiu  De  designed  to  inciuae 
a  "standby"  mode  in  which  umega  signals  will  De  tracked 
and  processed,  and  navigation  solutions  computed  at  a 
minimum  power  drain. 
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APPENDIX  A 


DI FCERENTI AL  CORRECTION  >'ES5AGE  FORMAT 


Length  AO  bytes 

Information  7  bit  ASCII,  even  parity 
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APPENDIX  B 

SYSTEM  INTEGRATOR  FOR  OMEGA  NAVIGATION  SYSTEM 

The  System  Integrator  tor  the  Omega  Navigation  System 
receives  a  ceinodulatea  subcarrier  from  the  ADF  receiver,  detects 
the  data,  selects  the  appropriate  uata  for  the  system  and  senes 
the  data  to  the  Omega  System.  The  software  functions  required  in 
performing  the  system  function  are: 

•  convert  the  input  subcarrier  to  digital  samples 

•  track  the  phase  of  the  subcarrier 

•  detect  the  presence  of  the  subcarrier 

•  detect  the  timing  of  the  digital  modulation  on  the 
subcarrier  (bit  sync) 

•  detect  the  data 

•  detect  the  data  header 

•  select  and  reformat  the  data  for  the  Omega  system 

•  output  the  data  to  the  Omega  System 

An  executive  program  is  required  to  control  the 
subfunctions.  The  executive  is  initialized  every  8  ms  except 
when  preparing  an  output  message.  The  executive  programming  is 
interrupted  every  1  ms  by  the  interrupt  program  to  input  and 
store  a  data  sample  and  to  output  data.  The  samples  are 
processed  every  8  ms  by  the  executive  program. 

The  operating  modes  for  tne  system  are  defined  in  Table  1. 
Communications  between  the  software  modules  take  place  with  the 
control  codes.  Table  2  lists  tne  counters  used  by  the  modules. 
Figure  1  shows  the  executive  software. 
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Table  1  uperating  Modes 


MODE  CONTROL  CODE 
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MODE  TRANSITIONS 
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0  0  0  0  x  2  -  -  - 

0  0  0  1  x  -13- 

0  0  11  x  -  1  -  2 

1 

1000  xx  5 

1001  xx  -46- 

10  11  xx  -  4  -  S 

Mode  5  is  normal  operating  mode 

Modes  1-2  are  acquisition  modes 

Modes  4-6  are  reacquisition  after  message  has  been 
received 

Mode  1  Subcarrier  is  not  detected;  data  nave  not 

been  received  recently. 

Mode  2  Subcarrier  has  been  detected;  bit  synch  has 

not  been  established;  data  have  not  been 
received  recently. 

Mode  5  Normal  operating  mode 

Mode  4  Same  as  with  1  with  reacquisition 

Mode  S  Same  as  with  2  with  reacquisition 

Mode  6  Same  as  with  5  with  reacquisition 


Table  2 


COUNTER 

INCREMENT  RANGE  MODULE 
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Interrupt 
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Interrupt 

interrupt 

Used  to  reinitialize 

Input 

0-8 
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1 
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Bit  Processing, 

Used  to  Keep  track  of 

3F-67 

Character , 

current  character 

Processing 

Executive 


Hold  Timer  8  Millisecond  Hold  Processing  Used  to  count  or: 

0-8  Min  eight  minutes  since 

last  message  was 
received 
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TOGGLE  SAMPLE  STORAGE 


SUBCARRIER  PHASE  TRACK 


A  combination  of  hardware  and  software  is  useu  to  adjust  the 
sampler  to  take  alternate  samples  on  the  peaks  and  zero  crossings 
of  the  subcarrier.  The  hardware  portion  is  shown  in  figure  1  ana 
the  software  flow  diagram  in  Figures  2b  and  2c.  An  analog 
equivalent  of  the  phase  tracking  system  is  shown  in  Figure  5. 

The  sampling  process  provides  alternate  samples  three- 
quarters  and  one  and  one-quarter  cycles  apart  (.see  Figure  4  t  . 

The  change  of  sample  timing  is  accomplished  by  adjusting  the 
count  of  a  preset  counter  (.see  Figure  5j. 
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BS 


PHASE  SC 
TRACE 


FIGURE  28. 


SUftCARRIER  PHASE  TRACK. 
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FIGURE  2C.  DETECT  SUBCARRIER 
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FIGURE  3.  ANALOG  EQUIVALENT  OR  PHASE  TRACKING  SYSTEM. 


SUBCARRIER  DETECTION 


The  presence  of  the  subcarrier  is  detected  by  comparing  the 
amplitude  of  the  in-phase  component  of  the  signal  to  the 
quadrature  component.  Since  the  carrier  is  phase  reversal 
modulated,  the  magnitude  of  the  samples  must  be  evaluated. 

The  magnitude  of  in-phase  and  quadrature  samples  is 
integrated  for  .4  seconds.  At  the  end  of  the  time,  a  signal  is 
considered  to  be  present  if  the  in-phase  sum  is  twice  as  large  as 
the  quadrature  sum. 
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FIGURE  4.  SAMPLE  TIMING 
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BIT  SYNC  (.PART  OF  INTERRUPT  ) 


The  analog  equivalent  of  the  bit  sync  process  is  shown  in 
Figure  5.  The  in-phase  samples  are  amplituue  samples  ot  tne 
filtered  data  wave  form.  The  filtering  is  pruvioeu  by  the 
hardware  subcarrier  band  pass  filter.  The  filtered  wave  form  is 
rectified  ana  multiplied  by  double  the  bit  rate  reference.  The 
resulting  wave  form  has  a  zero  average  value  when  the  reference 
phase  has  a  zero  crossing  at  the  bit  transition  time  anu  a 
positive  or  negative  average  value  when  displaced  from  this 
timing.  The  average  value  of  tne  r  e  t  e  re  nee  times  the  magmtuue 
of  the  in-phase  samples  is  examined  to  determine  if  a  discrete 
change  in  timing  is  required,  "lhe  software  flow  diagram  is  shown 
in  Figure  6b. 
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BIT  VALUES 


MANCHESTER  CODING 


FILTER  WAVE 


MAGNITUDE 


MAGNITUDE-AVE  (MG) 


REFERENCE 


ERROR 

REFERENCE 


ERROR  POSITIVE 
REFERENCE 


ERROR  NEGATIVE 


1 1 

|1 


314 


START 


BIT  PROCESSING 


Each  group  of  8  samples  represents  1  bit  of  1  ciiaracter  oi 
the  input  message.  By  comparing  the  sign  ot  the  last  sample 
received  and  polarity  for  this  group  of  samples,  this  module 
determines  the  value  of  the  bit.  If  the  sign  ol  the  sample  and 
polarity  are  the  same,  then  the  bit  is  a  1;  ii  the>  are 
different,  the  bit  is  a  0.  The  routine  after  determining  t lie 
value  of  the  bit  stores  it  in  its  proper  place  in  the  input 
message.  The  software  flow  diagram  is  shown  in  Figure  7. 
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CHARACTER  PROCESSING 


In  order  to  identify  an  input  message  properly,  the  first 
two  characters  of  the  message  must  be  checked  to  see  if  they  are 
ASCII  SI.  If  the  first  two  characters  are  not  SI  then  the  first 
one  is  discarded  and  the  program  will  continue  checking  for  SI. 
When  SI  is  found,  the  message  processing  flag  is  set.  In 
addition,  each  character  is  checked  for  a  parity  error.  If  one 
is  found,  then  the  parity  error  flag  is  set.  See  Figure  8  for 
the  software  flow  diagram. 


MESSAGE  PROCESSING 


This  module  takes  the  40-character  input  message,  checks  the 
check  sum,  converts  each  character  from  ASCII  to  HEX,  finas  the 
usable  stations  and  puts  the  usable  stations  ana  their  respective 
phase  correction  in  the  output  message.  Upon  completion  of 
message  processing,  the  message  ready  flag  is  set  and  the  hola 
timer  is  initialized.  If  a  parity  error  were  found  during 
character  processing  or  the  check  sum  were  in  error,  then  the 
message  processing  flags  are  clearea.  the  format  of  the  input 
message  is  shown  in  Table  3.  The  phase  corrections  (.characters 
8-31)  are  the  ASCII  equivalent  of  the  HEX  digits  of  the  signeu 
binary  numbers  representing  the  phase  corrections.  The  usaole 
stations  (characters  32-37)  are  the  ASCII  equivalent  of  the  HEX 
digit  determined  by  assigning  a  1  to  each  usable  station. 
Characters  52,  34,  36  indicate  which  of  stations  A,  B,  C,  ana  D 
are  usable  and  characters  55,  35,  37  indicate  which  of  stations 
E,  F,  G  and  H  are  usable.  The  check  sum  is  the  l's  complement  ot 
the  sum  of  the  HEX  bytes  derived  from  characters  2-57.  It  is 
transmitted  in  ASCII  also. 

The  format  of  the  output  message  is  shown  in  Table  4.  The 
usable  stations  are  represented  as  a  lo-bit  word  with  the  8  least 
significant  bits  representing  stations  A-H,  respectively.  A  1  in 
the  bit  position  for  a  station  means  it  is  usable.  The  phase 
corrections  are  signed  16-bit  twos  complement  integers  with  a 
range  of  255  x  lanes  x  10  to  -255  x  lanes  x  10*^.  Setting 
the  least  significant  bit  of  wore  37  signifies  that  the  message 
is  ready.  The  check  sum  word  58  is  the  l's  complement  of  the  sum 
of  words  2-57.  Figure  9  shows  the  message  processing  software 
flow. 


=IGURE  7.  MESSAGE  PROCESSING. 
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Table  3 


CHARACTER 

FUNCTION 

0,1 

M  Header 

2,3 

byte  Count 

4,5 

Ident if icat ion 

6,7 

Identification 

8,9 

Station  1 

10.2  Phase 

10,11 

Station  2 

10.2  Phase 

12,13 

Station  5 

10.2  Phase 

14,15 

Station  4 

10.2  Phase 

16,17 

Station  1 

15.6  Phase 

18,19 

Station  2 

15.0  Phase 

20,21 

Station  3 

13.6  Phase 

22,23 

Station  4 

13.6  Phase 

24,25 

Station  i 

11-1/3  Phase 

26,27 

Station  2 

il-i/5  Phase 

28,29 

Station  5 

li-1/5  Phase 

30,31 

Station  4 

11-1/3  Pnase 

32,33 

10.2  Stations 

54,35 

15.6  Stations 

3  0,37 

1 1 -i/5  Sto 

t  ions 

58,39 

Check  Sum 
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Each  two  bytes  of  the  Canadian  message  are  reformatted  into  one 
byte  to  aecoue  the  message.  For  instance,  if  words  9  anu  10  were 
46  (.ASCII  for  FJ  and  41  (.ASCII  for  AJ  ,  respectively,  then  the 
correction  to  be  applied  to  the  first  usable  station  of  frequency 
10.2  would  be  hex  FA. 

Also,  if  words  33,54  were  34  (ASCII  for  4 j  and  4S  (ASCII  for  bj 
then  the  usable  stations  would  be  B,  C,  L),  G, 

HGFEDCbA 
4E  =  0  0  1  0  0  1  1  1  0 

The  checksum  is  the  2-byte  ASCII  equivalent  of  the  1-byte  numoer 
which  when  added  to  the  sum  of  the  other  bytes,  excluding  the 
header,  will  equal  FF. 

For  instance,  if  the  sum  of  bytes  2-58  is  85,  then  byte  39  would 
be  37  (ASCII  for  7J  and  byte  40  would  be  43  (ASCII  for  C J . 

The  listing  for  the  test  generator  program  has  a  table  of 
numbers,  their  ASCII  equivalent  and  their  equivalent  required  by 
the  output  program.  The  easiest  way  to  compute  the  checksum  is 
with  a  hex  calculator  if  you  have  one. 
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IVOR!)  IX-SCRIPTION  SCHEDULING 


0  Bit  'i  WORD 


Tracor  7620  Omega  Navigator: 


This  receiver  has  been  modified  to  accept  the  differential 
signal  and  process  it  to  correct  the  Omega  position  information. 
Information  on  operation  of  this  equipment  may  be  found  in 
Omega  Navigation  Equipment,  Operation  and  Maintenance  Instructions, 
0M- 401- 235- 1 ,  Tracor,  and  Differential  Omega  Field  Test  Operator’s 
Checklist,  SCI.  Diagnostic  messages  are  stored  in  several 
memory  locations  within  the  7620.  These  may  be  used  to  determine 
probable  sources  of  difficulty  in  troubleshooting  the  differential 
Omega  system.  The  memory  locations  may  be  accessed  using  a  "99" 
test  (Direct  Memory  Access)  described  in  the  maintenance  instruc¬ 
tions.  Several  useful  memory  locations  are  given  in  Table  5  along 
with  the  significance  of  their  contents. 
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Table  5:  7620  Diagnostic  Messages 


The  memory  locations  and  messages  below  are  accessed  in  a  "99" 
test  and  are  given  in  octal  notation  unless  otherwise  specified 


Location 


Significance  of  Contents 


Sync  confidence.  Computer  resets  it  to  200. 
Increases  20  with  good  header,  decreases  30 
for  bad  header,  increases  30  for  good  check¬ 
sum,  decreases  40  for  bad  checksum.  Maximum 
is  577 . 

Bit  svnc  confidence.  Starts  at  100. 


If  a  010  is  stored  here  the  7620  initiates 
resync  and  ignores  checksum  errors. 

Differential  stations  OK  (information  gotten 
from  integrator  message).  A  "1"  in  the 
station's  position  indicates  a  useable  station 


ABCDEFGH 
1  0  1  1  0  0  0  1 


-  261, 


A  261  indicates  that  stations  A,C,D  and  H  are 
useable . 


Differential  Deselect.  This  shows  the  stations 


being  used  by  the  7620 


3 


X 


HOOK  UP  TEST 
GENERATOR  &  LOGIC 
ANALYZER  TO 
INTEGRATOR , TURN ON 


DUAL  TRICE  SCOPE 
CH2  GA  PIN  5  ( R9) 
CH  1  PIN  11 
TRIGGER 


TRY  TESTING 

IN  AIRCRAFT 

FOR  MORE 

INFORMATION 

TRACE  BACK 
FROM  CHECKSUM 
SET  PROCEDURE 
S  CORRECT 

-  —  i 


TRACE  THROUGH 
SYNC  PROCESS 

a  CORRECT 


differential  Message  Format 


('font  inued) 
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APPENDIX  C 

LUGIC  DIAGRAM  SYSTEM  INTEGRATOR  BOARD 


APPENDIX  D 

FINAL  TECHNICAL  REPORT 

DIFFERENTIAL  E-FIELD  NOISE- CANCELLING  ANTENNA  SYSTEM 

1 . 0  SUMMARY 

Limited  flight  testing  of  the  Differential 
E-Field  Antenna  System,  designed  to  provide  cancellation  of 
precipitation-static  interference  in  airborne  Omega  applications, 
has  been  undertaken  with  the  experimental  equipment  installed  in 
the  FAA  Convair  580  aircraft  (tail  number  N90)  at  the  FAA 
facility,  Anchorage,  Alaska.  Test  results  from  brief  periods 
of  operation  on  two  available  flights  were  basically  inconclusive, 
although  some  reduction  in  precipitation-static  interference 
was  qualitatively  observed. 

The  first  part  of  this  report  describes  some 
observations  and  conclusions  from  the  preliminary  flight  testing. 

A  description  of  the  experimental  system  is  given  in  the  subsequen 
section . 


2 .  C 


FLIGHT  TEST  RESULTS 


Operation  of  the  noise-cancelling,  differential 
E-field  antenna  system  was  limited,  due  to  higher  priority 
of  the  primary  Differential  Omega  task  program,  to  brief  inter¬ 
vals  during  two  flights  on  October  17  and  19,  1980.  The  basic 
problem  on  each  of  these  flights  was  poor  signal  reception  on 
the  lower  antenna  (refer  to  Fig.  1  and  Section  3  for  a  description 
of  the  system  configuration).  Clean,  strong  Omega  signals  were 
normally  receivable  from  the  upper  E-field  antenna  (mounted  atop 
the  fuselage  at  station  location  550).  However,  measurement 
of  relative  Omega  signal  strength  (using  strong  Hawaii  Omega 
as  the  reference)  showed  that  the  signal  from  the  lower  antenna/ 
preamplifier  was  some  10  dB  weaker  than  the  same  signal  from 
the  upper  antenna/preamplifier  unit.  In  addition,  the  lower 
antenna/preamplifier  indicated  a  3-4  dB  higher  noise  level 
(implying  an  overall  degradation  in  signal/noise  ratio  of  perhaps 
13-14  dB  for  the  lower  antenna).  These  measurements  were  made 
by  observations  of  the  relative  signal  level  and  noise  level 
meter  readings  with  the  Omega  Noise  Analyzer  (ONA) . 

The  poor  signal/noise  reception  characteristics 
of  the  lower  antenna  unit  could  also  be  confirmed  by  earphone 
monitoring  of  Omega  signal  quality.  All  three  on-the-air 
Omega  stations  (Norway,  Hawaii  and  N.  Dakota)  were  clearly 
audible  (at  least  during  non-precipitation  static  conditions) 
from  the  upper  antenna;  however,  only  Norway  or  Hawaii  was 
audible  with  the  lower  antenna. 

This  gross  inequality  in  signal  reception  between 
upper  and  lower  antenna  units  made  it  impossible  to  obtain  a 
good  noise-cancelling  null.  (Cancellation  by  the  differential 
antenna  concept  requires  nearly  complete  correlation  in  noise 
components  receivable  at  the  separate  upper  and  lower  antenna 
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antenna  locations.  Uncorrelated  noise,  if  present,  simply 
cannot  be  nulled) . 

Several  steps  were  taken  in  an  attempt  to  isolate 
the  source  of  this  interference.  The  individual  preamplifiers 
associated  with  the  upper  and  lower  E- field  plate  antennas 
operate  on  regulated  +  12  volt  d.c.  power  derived,  via  shielded 
cabling,  from  a  single  laboratory-grade  a.c.  power  supply  within 
the  ONA  equipment  cabinet.  Switching  of  this  power  supply  from 
the  normal  400  Hz  aircraft  power  source  to  a  60  Hz  power  source 
(i.e. ,  by  use  of  the  separate  60  Hz  inverter  located  in  the 
rear  of  the  FAA  aircraft)  produced  no  noticeable  change  in 
signal/noise  level.  Similarly,  it  appeared  to  make  little 
difference  whether  or  not  the  ONA  instrumentation  cabinet  was 
directly  grounded  to  the  airframe. 

The  upper  and  lower  preamplifier  units  were 
also  exchanged,  between  the  first  and  second  flights,  on  the 
possibility  that  the  poor  signal  reception  was  somehow  associated 
with  the  lower  preamplifier.  However,  excessive  noise  was 
again  observed  from  the  lower  antenna  on  the  next  flight. 

It  may  therefore  be  concluded  that  the  observed 
poor  signal  reception  from  the  underneath  antenna  was  due  either 
to  a  high  ambient  noise  field  surrounding  the  lower  antenna  or, 
less  likely,  to  some  interference  picked  up  via  the  interconnecting 
cable  between  the  lower  preamplifier  unit  and  the  ONA  instrumen¬ 
tation  cabinet.  There  was  no  opportunity  to  re-route  this 
cable  or  to  determine  whether  significant  noise  was  indeed 
being  coupled  into  the  interconnecting  cable. 

(It  should  be  noted  that  any  problem  associated 
with  the  lower  antenna  is  complicated  by  the  fact  that  Omega 
signals  cannot  be  normally  received  by  an  underneath- the- fuselage 


E- field  antenna  while  the  aircraft  is  on  the  ground.  The 
conductive  airframes  virtually  shorts  out  the  electric  field 
in  the  narrow  region  between  the  fuselage  and  the  earth.  Of 
course,  once  the  aircraft  is  airborne,  this  shielding  effect 
disappears  and  normal  signal  reception  from  an  underneath- the- 
fuselage  antenna  is  possible) . 

Another  simple  test  suggests  that  the  lower 
antenna  was  located  in  a  region  of  high  ambient  noise.  A 
marked  reduction  in  the  receiver  output  noise  level  was  observed 
when  the  lower  antenna  was  shielded  from  the  surrounding  electric 
field.  This  shielding  was  effected  by  totally  enclosing  the 
E-field  plate  antenna  (at  a  spacing  of  3  -  4  inches)  with 
aluminum  foil  which  was  then  grounded  to  the  aircraft  fuselage 
skin.  This  test  was  made  during  a  delay  prior  to  the  scheduled 
take-off  time  so  that  only  a  qualitative  measurement  (via 
earphone  monitoring  of  the  noise  reduction  produced  by  electrical 
shielding  of  the  antenna)  was  taken.  Moreover,  it  should  be 
noted  that  this  type  of  test  (with  aircraft  on  ground  and  with 
landing  gear  doors  opened  so  as  to  expose  the  lower  antenna  to 
other  possible  interference  sources)  may  not  be  indicative  of 
the  actual  noise  level  during  flight  (with  the  closed  doors 
then  providing  some  additional  electrical  shielding). 

The  signal  balancing  unit  and  the  noise  analyzer/ 
receiver  operated  satisfactorily  on  both  flights.  A  null  balance 
approaching  -23  dB  was  obtainable  on  the  internal  BITE  test  signal 
(e.g. ,  switching  from  the  additive  A  +  B  antenna  mode  to  the  noise¬ 
cancelling,  differential  A  -  B  mode  required  a  23  dB  increase 
in  receiver  gain  to  produce  an  equivalent  meter  output  signal). 
Furthermore,  switching  OFF  the  BITE  signal  under  this  condition 
produced  no  further  reduction  in  meter  output  reading  for  the 
A-B  mode  (indicating  that  the  -23  dB  "null"  reading  was  limited 
by  non-coherent  noise  rather  than  by  an  imperfect  adjustment  of 
the  phase/gain  balance  controls  for  the  BITE  signal  itself). 


By  operating  in  the  A  +  B  mode  it  is  also  possible 
to  obtain  a  null  balance  on  the  incoming  Omega  signals.  The 
level  of  the  received  Omega  signals  is  considerably  weaker  than 
that  of  the  BITE  test  signal;  accordingly,  the  quality  of  the 
realizable  null  on  any  Omega  station  signal,  in  the  presence 
of  the  extraneous  noise  from  the  lower  antenna,  was  limited  to 
roughly  -14  dB  (in  switching  from  the  normal  A  -  B  mode  to  the 
A  +  B  mode  of  operation) . 

It  should  be  noted  that  optimal  adjustment  of 
the  gain  and  phase  balance  controls  so  as  to  achieve  desired 
cancellation  of  p-static  interference  (in  the  A  -  B  differential 
antenna  mode)  need  not  coincide  with  the  comparable  adjustment 
for  nulling  of  the  BITE  signal  (also  in  the  A  -  B  differential 
mode)  or  for  Omega  signal  nulling  (in  the  A  +  B  antenna  mode). 
Initial  nulling  on  BITE  signals,  however,  does  provide  a  simple, 
convenient  means  of  coarse  adjustment  of  the  gain/phase  controls 
that  can  be  used  by  the  operator  prior  to  observing  any  p-static 
interference.  Once  variable  p-static  is  encountered,  unless  a 
moderately  good  coarse  null  has  already  been  achieved,  it  is 
exceedingly  difficult  to  determine  even  the  proper  direction 
of  an  adjustment  to  either  the  phase  or  gain  controls. 

On  the  first  flight,  aircraft  power  to  the 
instrumentation  was  temporarily  switched  off  immediately  prior 
to  take-off.  Precipitation  static  was  then  encountered  during 
climb-out  through  overcast  clouds  in  the  Anchorage  area.  Such 
operational  problems,  coupled  with  the  excess  noise  from  the 
lower  antenna,  prevented  the  collection  of  more  meaningful 
test  data  on  either  flight. 

The  susceptibility  of  single  E-field  antennas 
to  precipitation-static  interference  was  clearly  demonstrated 
on  both  flights.  Moderate- to- severe  p-static  was  observed  at 
various  times.  The  most  severe  interference  appeared  during 


periods  of  aircraft  turbulence.  Under  these  conditions  the 
normally  strong  Omega  signals  (Norway,  Hawaii,  N.  Dakota)  from 
the  upper  antenna  would  be  totally  obliterated  by  noise  having 
a  surging  characteristic  (as  evidenced  in  earphone  monitoring) . 

Under  less  severe  interference  conditions,  one 
or  more  of  the  Omega  signals  would  be  barely  audible  on  the 
upper  antenna  (identified  as  the  A  mode  of  operation)  and 
totally  inaudible  on  the  lower  antenna  (B  mode) .  There  were 
several  occasions  that  the  corresponding  Omega  signal  from  the 
differential  antenna  mode  of  operation  (in  the  A  -  B  mode)  would 
show  a  cleaner  signal  characteristic  than  that  obtainable  from 
either  antenna  alone.  From  these  qualitative  observations  it 
might  be  concluded  that  the  differential  antenna  system  was 
indeed  providing  some  small  measure  of  p-static  noise  cancellation. 

Attempts  were  then  made  to  improve  the  differential 
A  -  B  signal  by  adjustment  of  either  the  gain  or  phase  balance 
controls.  The  variability  in  the  noise  interference  level, 
however,  obscured  any  changes  in  signal  quality  that  may  have 
been  produced  by  this  trial- and-error  adjustment  procedure. 

Several  conclusions  and  recommendations  can  be 
drawn  from  this  limited  flight  testing: 

1)  Clean  Omega  signal  reception  was  obtainable 
from  the  upper  plate  antenna  (under  p-static 
free  conditions) .  This  demonstrated  that 
the  plate  antenna/preamplifier  combination 
has  adequate  sensitivity. 


2)  The  lower  antenna,  however,  introduced  an 
excessive  level  of  electrical  noise,  both  on 
the  ground  and  during  flight.  Uncorrelated 
noise  of  this  type  must  be  eliminated  if 
successful  p-static  cancellation  is  to 

be  realized. 

3)  There  is  no  immediate  explanation  for  the 
large  noise  level  associated  with  the  under¬ 
neath  antenna.  Preliminary  tests  suggest, 
however,  that  the  noise  is  entering  through 
the  antenna  directly  (i.e.,  that  the  antenna 
is  located  in  an  unusually  high  noise  field) . 

If  thise  noise  field  is  sufficiently  localized, 
it  should  be  possible  to  eliminate,  or  materially 
reduce,  the  interference  by  a  re- location 

of  the  lower  antenna  (say,  by  moving  the 
antenna  aft  by  5  feet  or  more) . 

4)  Oscilloscope  monitoring  of  each  preamplifier 
outputs  should  be  employed  to  determine 
whether  any  saturation  or  limiting  action  is 
occuring  during  impulsive  p-static  conditions. 

(The  antenna/preamplifier  combination  used 

in  this  flight  testing  operated  satisfactorily 
up  to  an  electric  field  strength  level 
approaching  +  5  volts/meter;  however,  oscilloscope 
monitoring  of  output  waveforms  would  have 
been  useful  in  confirming  that  these  levels 
were  not, excluded  during  the  most  severe 
p-static  interference) . 

5)  Additional  flight  time  should  be  scheduled 
to  provide  operator  experience  and  to  verify 
that  all  portions  of  the  system  are  operating 
satisfactorily  prior  to  data  collection. 
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3.0 


SY S  I  EM  llEbCRI PT1UN 


A  brief  description  of  each  of  the  functional 
components  of  the  aircraft  instrumentation  is  as  follows: 

3.1  E-Field  Antennas 


A  pair  of  low  silhouettd,  capacitive-plate 
antennas,  one  mounted  atop  the  fuselage  ana  the  other  beneath  tne 
aircraft  (both  located  near  station  550  on  the  convair  580 
aircraft),  are  used  for  Omega  signal  reception.  Thge  antenna 
housing  is  an  electrically  insulated  fiberglass  shell  with  a 
conductive  coating  painted  over  the  central  region  (with  this 
conductive  region  forming  a  capacitive  plate  antenna  with  respect 
to  ♦’he  aircraft  skin).  A  relatively  small  antenna  of  this  type, 
with  an  effective  he ight -capac i tance  value  in  the  neighborhood  ot 
only  2  x  10-1^  farad-meter,  requires  an  extremely  goou 
preamplifier  if  input  circuit  noise  is  to  be  avoiaea.  however,  a 
physically  small  antenna,  particularly  in  the  height  dimension, 
reduces  the  risk  of  particle  impingement  that  can,  in  itselt,  be 
a  source  of  p-static  interference.  A  flush  mounted  antenna  would 
be  even  better,  but  this  woulu  pose  an  additional  installation 
problem  for  the  FAA  Convair  580  and  other  aircraft. 

3 . 2  Antenna  Coupler  Preamplifier) 

An  active  coupler / preampl i f ter  is  used  with  each 
antenna.  Each  preamplifier,  mounted  inside  the  aircraft,  is 
connected  to  its  antenna  via  a  9"  coaxial  cable.  Transformer 
coupling  of  the  antenna  input  circuit  is  used  to  provide  l so  1  a  - 
lation  to  any  power  or  common  moue  input  noise.  An  e  lectr  ic- i  i  e  la 
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strength  sensitivity  in  the  neighborhood  of  1  volt/meter  -  .Hz 
at  the  13.6  kHz  operating  frequency  was  measured  in  the 
laboratory  (preamplifier  used  in  combination  with  the  above 
E-field  plate  antenna). 

3 . 3  Signal  Balancing  Unit 

The  Signal  Balancing  unit  includes  both  phase  ana 
amplitude  balance  controls  so  that  the  common  mode  component  ot 
the  p-static  noise  can  be  nulled  out;  in  adaition,  the  unit 
includes  a  reversing  switch  (in  the  B  channel).  The  reversing 
switch  is  useful  in  initial  coarse  null  balancing  and  in 
measuring  the  quality  of  the  null  during  p-static  conditions. 

The  A-B  position  should  show  a  deep  null  on 
p-static  if  the  phase  and  amplitude  controls  are  properly 
balanced  for  p-static  suppression.  Conversely,  in  the  A  +  b 
position,  the  received  Omega  signals  and  atmospheric  noise  will 
tend  to  be  nulled  out,  leaving  p-static  and  other  common-mode 
noise  as  the  major  component. 

3 . 4  Omega  Noise  Analyzer 

Each  Omega  Noise  Analyzer  (UNA)  includes  both  a 
wide  band  filter  output  capability  ^approximately  ZOO  Hz 
bandwidth)  and  a  narrow  band  output  (less  than  1  HzJ.  The  wiue 
bandwidth  is  most  useful  for  the  measurement  of  noise;  the  narrow 
band  filter,  centered  at  13.6  kHz,  permits  a  direct  measurement 
of  Omega  signal  strength. 

The  operator  can  select,  by  means  of  a  thumbwheel 
switch,  a  particular  Omega  segment  to  be  used  tor  time  gating  ot 
the  wide  band  filter;  similarly,  a  second  Omega  segment  can 
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be  selected  for  the  narrow  band  filter  outputs.  The  time-gated 
waveforms  are  rectified  and  averaged  over  the  selected  segment 
interval.  A  sample -and- ho Id  circuit  displays  the  resultant 
average  value  on  front-panel  meters:  once  every  10  seconds  the 
front-panel  meters  display  new  signal  (or  noise)  coverages.  Each 
ONA  channel  has  independent  gain/attenuator  controls  so  that 
useful,  on-scale  meter  deflections  can  be  obtained  over  a  wide 
range  of  input  signal  (or  noise)  levels. 

In  addition  to  the  front-panel  meters ,  each  ONA 
channel  includes  provision  for  earphone  monitoring  and  magnetic 
tape  recording  (of  the  ungated  20C  Hz  bandwidth  signals  +  noise) . 

Heterodyne  conversion  of  the  13.6  kHz  Omega  signals  to  a  1024  Hz 
intermediate  frequency  (i.f.)  is  employed.  Phase  and  amplitude 
information  is  retained  in  this  process. 


3.5 


Tape  Recorder 


It  had  been  originally  planned  that  a  Hewlett- 
Packard  3964A  Instrumentation  Recorder  be  procured  and  used  for 
4-channel  recording  of  the  following  ONA  output  channels: 

Channel  1:  Single  Antenna  A 

Channel  2:  Differential  Antenna  A  -  B 

(or  A  +  B  through  switch  reversal) 

Channel  3:  Single  Antenna  B 


Channel  4:  Loop  Antenna 


Channel  1  and  2:  Data  logging  is  obtained  from  one 


ONA  unit;  Channel  3  and  4  recording  would  have  been  possible 
from  a  second  ONA  unit  (with  the  fourth  channel  designed  to 
give  information  on  the  comparative  behavior  of  loop  vs  differential 
E- field  antenna  under  identical  p-static  conditions). 

However,  time  and  funding  restrictions  prevented 
procurement  of  the  4- channel  instrumentation  for  this  particular 
flight  test  series.  Instead,  a  readily  available  2-channel 
cassette  recorder  (similar  to  an  ordinary  portable  cassette 
recorder,  but  with  dual  channels  for  stereo  recording  purposes) 
was  incorporated  into  the  instrumentation  package.  The  recorder 
was  then  modified  to  provide  more  linear  performance  over  its 
full  dynamic  range  by  removal  of  its  automatic  level  recording 
circuit.  Laboratory  testing  showed  that  the  resultant  recorder 
had  an  adequate  analog  data  recording  capability,  with  correct 
phase  and  amplitude  data  being  displayed  in  playback  of  the  dual 
channels . 
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